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Purpose: The purpose of this study is to identify the design requirements
and associated cost impacts for using the Shuttle for EOS delivery, and the

1

additional impact of achieving full compatibllity for resupply and retrieval.

At this point in the study, the intent is to provide a preliminary ggsessment

. ‘ :
of these impacts and identify areas for further aialyses.

Summary : A prelimina;y asseésment of the design and cost impact of con-
‘figuring'the EOS for Shuttle compatibility in delivery, retrieval, and re-
supply modes has been campleted for the entire mission model, Table 3-1.
Assuming that each spacecraft was initially delivered by a conventional launch
vehicle, the minimum functional requirements,asscciated design changes, and
‘incremental spececraft weighf'and cost impacts were estimated for EOS compsa-
tibility with each of the potential Shuttle utilization modes. Analyses

during this study phase emphasized the impact on the EOS flight'hardﬁa.re.

Conclusions and Recommendations: Based on the results of analysis to date, EOS-

Shuttle compatibiliﬁg can be realized with. roaserable apaéecraft weight and cost
penalties. Inherent shuttle cﬁp&bilities areladequate to méet.the requirements

of all missions except E and F.. Mission E (Tiros 0) may be accommodated by either
an EOS orbit transfer capability or am Tug. The Tug appears to be the only viable
approach to satiafying-the Mission f (SEOS) requiremeﬁts. Excluding the Orbit
fransfer Subsystem (O@S) assumed for Mission E, Chuttle delivery and retrieval
compatibility edd only about 40 1b to spacecraft weight-while the addltlon of
mechanisms to enable on-orbit reﬁlacément of spﬁcecraft modules end assemblies

results in a weight impesct of about 200 1b. for resupply. Cost impacts range
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INITIAL INTTTAL ‘
SPACECRAFT LAUNCH LAUNCH CHARACTERISTICS
VEHICLE DATE ALTTTUDE INCLINATTON
(n., mi) ( deg)
EOS-A . DELTA 2910 "79 366 98
EOS-A' DELTA 2910 180 366 98 :
EOS-B DELTA 3910 81 366 98
E0S-B' PELTA 3910 82 366 98
E0S-C TTTAN IIIB/SSB '80 366 98
E0S-D DELTA 2910 ‘81 324 90
EOS-E TITAN ITIB/SSB - B2 915 103° '
TITA
EOS-F TE gﬁjx ¢t/ 81 19323 0°
SHUTTLE ‘ l 28.
DEMO SHUTTLE 80 160 5
Teble 3 - 1
Mission/Traffic Model
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from a low of $287K nonﬁrecurring/$69K rﬁ‘““ring for Delivery to
¢2111K¥$h6hK fer Besupply. The QTS peculiar to Mission 3 adds
signlflcantly to the impact on spacecraft weight and cost.

Addition of Shuttle compatibility provisions for any mode do not result
in exceeding the performance capabili?ieﬁ of the launch vehiélgs assumed for
iditial delivery. | .
In-flight verificatioh of EOS-Shuttle competibility, requiring the availability

of a Shuttle Demonstration Model spececraft is considered neéeSsgry for bhly the

Resupply mode. Deployment and retrieval techhiques do not differ significantly

from conventicnal spacecraft,

Cost and Weight Summary'Table 3.2  summariges the cost and weight impacts of

confiéuring each EOS migsion concept for compatibility with Shuttle delivery,
retrieval, and resupplj modes. Cbst and weight impacts for Misslon E include

the Orbit Transfer Su'bxsystem (OTS) unique to this mission. _Exc‘lua ive of the OTS,
the weight impact is 42, 45, and 192 1b for the three Shuttie modeas respectively.}
Recurring costs are qhdted for a single spacecraft only. The ﬁﬁrked Jumpin costs
for resupply reflect thé addition of module replacemenﬁ mechaniems-to the space-
craff, qualification of the_Systemé Qualificetion Spacecraft fdf in-flight'véri-

ficetion of resupply techniqués, and associated Englineering-type sctivities.
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3 . 2 SHUPTLE COMPATIBILITY IMPACT SUMMARY

TABLE
IMPACT MISSTON | ]SHUT“‘E MODE
PARAMETER o | |
{aa"5|5%c|D|E|F| DELIVER .RE"I‘RIEVE RESUPPLY
- — o Sl Sl I _ -
COST ($K) i ;
.
X o8 20
Non-Recurring X i}(+ X_i:XA i %f + gegg _51_33-12___ e ]
SR SO 1 4 B ] 980 .23%%
R B R S N 68 19% |
b
X X x| x| | 69 195 430 )
Recurring X I_ _ X | )XW}[ 69 10 1@*
Lol X 189 435 b5
| X} 69 195 _ 410
J{ = e ; _":_T, == - -"—— ettty
WEIGHT (LB) Xx'x!x x b2 u5 ! 183
] xix} | ke hs ) 203
ERER AR i 550 w3k A
B Lx ke .. b { 171
i i i !
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Discussion:

Introduction:

This study addresses the impact of déveloping the EOS to be physgically

competible with the Shuttlesdelivery, retrieval, and resupply modes. The

full impact of Shuttle utilization is the combination of design, operational,

and program con31der&t10ns which is to be addressed in the next study incre-

ment in the Shuttle Interface/Utilization Study (Bock 6). This study, then,

provides a preliminary indication of one aspect of the broader dtilization

question, that of design compatibility.

Groundrules, Guideélines, and Assumptions:

The study was conducted in accordance with the following constraints:

a,

b-

All missions in the mission model (Table 3-1 )Vdré to be considered.
All missions are Qelivered initislly by the 1aﬁnch_VEhicle cited in

Teble 3-1. |

All missionélare continued through'fhe‘Shuttle.opefational era.making
cach a candidste for Shuttle competibility

Baseline modular subsystems for all EOS concepté

Baseline current Shuttle~based E0S Flight Supp0r£ System (FS8) definition
Baseling.Module'Exchange Mechanism (MEM) resuppiy concept

Potential Shuttle utilization modes are limited to: |

o Delifery bnlj - |
o. Delivery plus retrieve

el Delivery plus retrieve plus resupply
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h. For mission ¥ only, & Tug, having payload interface characteristics
identical to the Titen ITICT7/TE 36u-h,is assumed.
i, The minimum requirements for Shuttle compatibility are defined.

These constraints will be re-assessed for follow-on study activities.
]

Approach:

Tor this study Phﬂsegemphasis was placed on physical imﬁ&ct on basic
spacecraft design. Ihstruments and operations were considered only to the
extent that they influenced the basic spacecraft. The overlying philosophy
epplied was that each mission spacecraft was designed for initial delivery
on & conventionel launch vehicle and, therefore, Shuttle competibility provisions
were i+ adlitic. to, rather than in lieun of, basic design characteristices,

Potential Shuttle utilization modes were considered in order of

increasing complekity (i.e. Deliver, Retrieve, and then Resupply) .

Development of compatibility impact estimates was a three-step process.
First, the functional requirement increments for each mode were identified
for each of three areas; EOS Spececraft Design, Instrument and Operations.

For convenience, the spacecraft was addressed in five groupings of rel&ted

functions: & Communications and Data Handling
@ Electrical Power
e Attitude Control
@ Structure/Mechanical/Thermal
@ Propulsion ,
- The propulsion group includes Reaction Control, Orbit
Adjust, and Orbit Tranafer functions as required by the
individual missions.
PREPARED BY L GROUP NUWBER & NAME DATE . _‘!
B. Sidor T/17/7% |LeTTen !
REVISION DATE 4]:
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. ; . v .
Functional differences betwéen an EOS spacecraft designed for ‘conventional

launch vehicle delivery only andfone configured for Shuttle compatipility in

each progected Shuttle utilizatitn mode were 1dentified for each program area,

These requirements are summarlzea in Table 3-3. . The requirements are sdditive,

unless otherwise noted, since each successive Shuttle utilization mode includes.the

preceding modes (i.e. Delivery, Delivery plus Retrieval, Delivery plus Retrievel

plus Resupply}. For example, the Propulsion (1tem 1.5) requirement to provide

for pressure relief (No. 1) applies to all modes. Requirement 2, applicable

to Mission E only, impcses a transfer capability to mission orbit for Delivery

and adds trensfer back to Shuttle orbit for Delivery end Resupply. Requirement

3 applies only to Resupply.
As shown in Flg. 3-1 . the Shuttle has & capability of 9600 1b for the

C%EE nLmi altltude and 98 inclination for miﬂsions A C, with close to 20 000 1b

for Mission D (32h n.mi and 90 } For these mlssions, Shuttle capability is ade~
quate to meet EOS demands. Missions E (95 ».mi., 103 and F (19323 n.mi, 0° 1,
however, both require ﬁerformance significantly in-excess of Shuttie capabilities.
Both missions can be accammodated by projected Tug capablllties and Mission E |
could be setisfied by & moderately gized kick stege 1ntegral to the EO An
integral kick stage does nct appear practical for Mission F. For comparlson
purposes, the requlrements for M1551on E include the kick’ stage whlle Mission F
agsumes the Tug. Due to the status of Tug definition at this time, the interfaces
between it and EOS hé#é been ésétmed to be identiéai to thoselbf the initiai leunch

vehicle, the Titan IITC7/TE 364-4.

-
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SHUTTLE COMPATIBILITY - - REQUIREMGNTS IMPACT

TRaE? STUDY NSPORT 3
VI MUMEER 1.2.1.%.4

COM3 IDERATION

MISEION APPLICATTON

REQUIRBEE

AL B B'| ¢ b

"DELIVER

REBUFPLY

1, §/C DEIIE

1.1 Qo & Doto
Handling

1.

Provide for immediate’
relay to tha Orbiter

- &row, resdout of EOS
paramdters ¢ritical
ty Ghuttle cystom and
range cafety oparatioms
vhile the EOS tn attacf-
ed to or in the vielnl
of the orbitor

2.

Provide for commang
averrids of critieal
B08 functions by the
orbiter crev vhile
attached to of in tho
vicinity of the Crbhitet,

3.

Frovide for reley of
BOS/Tastrusent statug
data through the
Orbiter whils

to ar in the vieinity
37 the Ogbiter .

During EOS operation pear orbvitax

tho Orditer may octleds EOS

aptonns Lipe-of-eight to grount

statlons,

"Provids for stoving
€ieh entennas

8.

Provids for on-arbit

1.2 Electrical Power

1.

Prorida
in Orbiter prios to
daployman

tor 2h hr stay
t

1.

Game plus provido Fow
24 hr..otey in Orviter
after reecvery

1,

Assumed worst cesa condition

Provide for stewing
Rolar BETOFE

3.
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CeRBITERATTON . N o - REMARKS
A b B ® - UELIVER RETRIEVE RESUPPLY
1.2 Slesricel Powor(coot) x | x % x 4. Provide for th-orhit
replacement of molar
Arrays R
5. Pravide for .-nu-hit
replacement of power
motule § .

6. Provide for muwtainisg - Aegumes arraye retsacted for
power with non-operet- ; 00 of BAME acquistion
ing solar arreye ! :

1.3 Attdtode & Contrel [ X X X b o ¢ 1. Provide for on-orbit
» replacement of ACS
i modula
2. Provide back-up
attitude Bold capabilit) For fail-safy cperation in
. vicinity of Orbviter and on-orbit
survivebility,
‘ v
1.4 Atroctore/Mechanteal/| X | X X X 1, Provide for Shuttle 1. Same plus provide for
| ThArmas . i induced mscent mnd descent and lanli-g
abart re-ontry loads 1oads
2. Provide for Enuttle 2. Bame plus provids for
agcent and abort ro- degoent and landing
entry induced induced enriromment
environment
3. Provide attactwent to
8 cradle
- Y. Provide for mating to
¥88 docking/daployment
platlora
"5, Provids for asquisit-
. don by .
R 6. Provide for tu-arbit

detachement [t tack-
ment of replaceable
aggeaplies/zodules.
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BRUYTLE OREWTTBILITY - WEQUTENEss DeetT

CTRAIE STVY REFORE - 3
VES MBGER 1.2.1.%.k )

MIGSION APPLICATTON  REQUINEXERT
COTB IEERATT0R . REHARRS
At B DELIVER FETRIEVE WESUPFLY
1.9 Propuisiem hid x 1, Provide for propsllant
tack prosdupe voliof
2. Provifs for E0S tramo- | -2, Suma plus peovide for Intogral BUS copahiiity required

fer fron porking orhit, transfer from riselon oaly Af Tug ia yoevnilsble

to misslon orbit ardit to Orblter porke

: ing orvit.

E b4 3. Provids for dd-osvit EDY Froucatics, 088, endfor
replasezant of 015, 4o nagded for sdsaica,
propulslion melule containcd in common modulo

2.0 DSTCAEE x x 1. Previds for reteéetion ’
T of R1L
elementa .
2, Trovids for ch-erbit
raplacement cF
Instrucont /
asgeablica
- - L
3.0 gEENATIOND ,
3.1 Flight Cporations X x 1. Provide for in-flight Apcunap that Qeplopemat apd
Geronoiratlon of EOS rotrioml techeique
aenulng]reuzlmp]: d;mnmmtaﬂ with gprior
1 ajc
. 1
2. Provide for pre-deplay- .

oant checkeut of

apatess/subayetonn sl
Instrments

3, Provide for cu-azdii
survival in excesn of
cdesion deslgn life

Contingont upon cutcems of
donign 1ifo/resnpply study
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MIGSION APFLICATION

e macEu 1.2.1.6 A

. HEQUIRENENTS

CONBTDERATI O - TRMATES
AMinlsleln DELIVER RETRIEVE RESUPPLY
xix |x}tx] x 1. Provide for pre-lamch

3.2 Grotsd Dperatioms

intograticn of FOS with|

Ahuttle

2.  Provide for ground
handling of landed BB

3. Frovide for groun2-based
refurbishmert of D08
gub-systen and IrTtra-
mant modules And
aseenblies

L. . Provide for replacemsnt
. EO8 modulas/ssaenklies

S

Provids for integratsd
EOB-fhuttle flight
echatul ing .

Provids for integrated
BOB-Shuttle mission

planning

Frovide for voice-
data communirations
‘between EOS and '
Bhuttle operaticna -
caootrol centers-
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The second step of the process was to identify the design impiications of
egch‘additional funcfional requizrement. Table 3-4 lists the visible design
changes resulting from the requirements, The format of Tables 3-3 and-b are

identical to permiﬁ direct correlation between requirement and design change. No

chahges have been defined for the Ground Operations requirements aince
ﬁthe changes are dependent‘tpon a nuﬁber of programmatic isSues, including'
flight interval-and overali program definition, which will have~a profound in-
- fluence onrresultant impacts, Thé assumed availability of Tﬁg for Mission F
results in no unigque design iﬁplications for that mission. -
The final step iﬁ-the process was to estimate‘the weight and cost impact
of each design change on the EOS progream. In:Tﬁbie 3 - 5, the weight increment,
and associated non-recurring and recprring_dosts for achieving_Shuttle cowpati-
bility for one EOE épacgcraft aré esfimated far each projected Shuttle utilizatipn
mode. Z;wo significant 'iaoints are -evident_ in the table:
a. The difference between weight impacts for "Deliver"” amnd "Retrieve" modes
is insignificant, | | ‘ | |
This is the result of using the baseline fSS céncépt which utilizes
the same equipmeht for either depi@yment or retrieval, For:deﬁlqyment only
ar}angements which'diépetsé'with7the?Fss cradle and‘docking/deﬁlﬁyment table
could‘conceivably reduce spacecraft impact. Thermajor effect*gf suéh an approach
however, wculd be to reduce the aﬁcilléry e@uipment requirgménts which necessitate
the F82. The Significgnce of this effect is contingent upoﬁ ﬁﬁethér or not an

EQS would be developed to support Shuttle-borne.SPacecraft otﬁer_than EOS.
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_MIE

SHUTTLE COMPATTBILITY -  HESIGH DEPLICATIONS VES MUMEER 1.2.1.b.%
KISSIOR APPLICNTION EsIn
FEMARKS
ORBIDERATION A AMI BB} clD B|P BELIVER I BETRIEVE ] REBUFFLY
i, F3 o Emroy :
L1 Comébote Bamltng % | X | X I% | X| %) 2 (X | 2. Add c hordviro interfoed 1. AdA' a mako/break/pake : ‘ . Basle BGS aoftware 1o donigned to!
including & separablo connnstter to "Daliver” procesa the same date for nomised
goorection, capablo of: | eealim olosion aperetions. Flazging QoM
e, Transnitting palecyed . conditims hao insignificant
CeM nigonle . immont.
b. Recelving malacted
camrandn .
2. FF Interfese ’ ' RF invorface roqut. ia mat by
Eo impact EQB-ground implormentation of
B baseline systam,
. ' 3. Data/Cod Relay -
. £ge iten 1 .
i ‘ L. Antenna Stowmge Esale 3/C antemas sre fized,
Add retraction Instraent Mlssion Peeuliar
pechanisn to all : deployable antennas have oot boex)
. onternng axtanding aEaegsad.
] bayend wlloemdle P/L
envelops
.. ’ ' ) . | 9. ant REgl A that Tequired provisicas
) . ) : 0. A48 sevacvurel aftdely” will be incorperatec in mtaeion
: ralease machanioma peculier equipment »o mo iopect
b, Add pover ALBCOTRECHE hag been definsd,
4. Add signal disconpecta
1.2 Blecirical Powsr E XX I x/X {X|x |Xx| 1 attach to Orbiter
&y Add dipconoect
b. Add switching -
sagemiily
2., 5tow Arreys
8. Baseling all-up
tomeept
b. Add reversing to
. ) - drive motors.
B ' e, Add ptowmgn latchen
3. Comvert froz pavual to Conngctor requirements 18entifdie
autoratic cacnector in lcdividual desicn aress are
mating. camplled in thiz item.
Asgumes that Ingtruments pome
]| ] apPrapriately equipped.
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ommminem [
1.2 Blestrical Powr | X
(oors)

VIS MSGER 1.2.1.8.L

b. Replace Arrays

| 8. A% structural attach/]
relonse oochanisss -
b Add power diaconnect
C. Add nignal dieconnect

% Beplace Power Moduis
. Renlace dleconnset

Y. A4 strustural sttecnf

1 & Susteining Fower

Bo lagact

" Battery Aasemblies 1n baselins
danign provida LO-120 axp-hrr
dependant upoz rissioh

1,3 Attituds Control X

sl s w|
xix | x
Xlxix

L)

1, Beplace Module
. % AQ1 gtructural attach)
Teloesa mechanlsme

B, AS aignal diaconnscty

©, MA pover dlgconnecis

Replace provisisrs required for
both ACS pedule and 3-axis
magnetoneter

2. Deck-Up Attitude

Coutrol

peiplatny

.+

e ¥ 1*/see

For Orbiter safety tnring EQS
TetowRIy

L.b StructureMochenicalf/] x
Thermal

1. Losds
To iupect

&, Deoign lond cooditions for
Delta pore mringent for
wacent

. Deaceot ard landing loads
leag gtrizge-t than sscent
plaa shors

2.

Eovirooment

a. Qualify structurs |

and equipmgnt to
_ highsr acoustic
lovels :

Ipoct updefized




TABLE 3 - 4
BERELE CONPATIBILETY

(cent)
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b. Mission variations, other than the 015 for Mission E, are visible only

in the Structural/Mechanicel/Thermal area for Resupply’.

The impa;t variations result from the different complements of Instruments
carried on each migéion'with associated varietions in the number bf latches,
roilers;_tracks,'aﬁd wiring disconnects required. Easic SPacécrafﬁ (i.e., éuﬁsystem)
impacts are constﬁnt increments to initial desigﬁs. | |

The fesultanﬁ EOS mass properties, combined with corresﬁonding _
FS8 and MEM equipment, are compatible with the Shuttle c.g. ré- ‘ .

strictions. Figure 3-2 shows the range of c.g.'S for Missions A and

C for the Shuttle utlllzatlon modes considered.

Follow On Effort-'

As previously stated the analysis of Shuttle compatlbllity to date has con-‘
gidered baseline FSS end MEM concepts. In sddition, the analyses were 11m1ted
: fo consideration.of visible physical impact and by the currgnt 1evel of design
definition. F&lléw-oﬁ efforts,&uring the next study’iﬂcrement will consist of
the following- | |
. a. Refined Welght/cost 1mpacts
| b.‘qhuttle ut11€zatiun mode variation eff ects resultlng from on-g01ng
design life/resvpply interval studies.
"e. Alternste resupply concEpt'gffecté
| - SAMS
-EVA
-IVA

d. Associasted impacté on Operations, inﬁtruments,;Shuttle, and FSS.
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References
The Shuttle Compatibility Study was conducted on the basis of results of
on-going EOS study activities and the followirg reference decuments:
4. JSC 07700, Volume XTIV, Revision B, "Space Shuttle System Payload
Accommodetions,' dated 21 December 1973
b. RI Report 8D73-SA-0099, "Quarterly Report, EOS Flight Support System
Definition Study", dated 16 July 1973 (SOW Ref 1.4.2)
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Stoudies of Special Purpose Manipulator System for‘Earth'Obsefﬁatory
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INSTRUMENT APPROACH
EXTERNAL INPUT CONSIDERATIONS
SENSOR PECULIAR STUDIES
CANDIDATE:SCANNING TECHNIQUES
CANDIDATE DETECTOR_SYSTEMS '
OUTPUT DATA FORMATS

SCAN EFFICTENCY

SCAN LINEARITY

OFFSET SCANNING

ORBIT ALTITUDE—CORRECTION

DATA SAMPLING RATE

DATA ENCODING ACCURACY

DATA INTERFACE .
CANDIDATE POINT DESIGNS
OVERALL EVAULATION
COMPARATIVE EVALUATION OF TM
COMPARATIVE EVALﬁAiIbN‘OF HRPT
PREFERRED BASELINE DESIGN -
OPTIMIZED,T@ICONFiGﬁRAEION
SWATH WIDTH |

MSS HRPT EMULATION

GROWTH POTENTTAL

SUMMARY
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Purpose:

¢}

package.

To evaluste the utility, reliability,

To evaluate the competitive point decigns provided for
instruments; thematic mapper, high resolution pointin
synthetic aperture radar, and passive multichannel ma

. voint design proposed for EOS-A sensors.

&

the proposed

g imager,
crowave radicmeter.

‘To evaluate overall system designs applicable to the EOS-A instrument

and costs related to each sensor

To provide én;evaluation of the available data coliection system and

recommendations tc increase its utility when used on EOS if applicable.

To provide desigms compatible with 1l
the follow-on instruments and to iden

impacts of providing this capability.

Sumary:

During the course of the study,
were sddressed in selecting the most use

potentiél instrument designs and data haendling concepis.

ter EOS missions with regard'to
tify the operational and cost

= broad range of considerations
ful, reliable and high growth

Because of direction received during the study and the continual

development of the various TM and HRPL point
effort was concentrated on the further evolu
lative to the ERTS multi-spectral scanner,

ations and utiliz&tions in the EOS-A misgion.

The result of these studies are as follows:

designs during the study,
tion of the TM and HRPLre-
and their various coniigur-

1. No single point design is considered optimum_in the form pro-

posed by the suppliers.

2. The objéct plane scanner as a c¢lass offers significant growth
potential relative to the EOS baseline without significant

weight growth. -

3. Spectral pand selection b
‘cantly better growth potential than does the spectrom

persion) approach.

eter (dis-

4. The reduction in preamplifier noise by cooling,downlkto 200°K
promises performance improvements for silicon detectors even

y filtration techniques offers signifi-
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10.

11.

in Band 1, which makes them highly competitive with photo-
multiplier tubes,

The lower cost, higher reliability, simpler design, lighter
weight and higher growth potential of an all solid state de-
tector array meke this the preferred approach even if a slight-
ly larger telescope aperture is felt necessary to meet minimum
S/N ratio requirements.,

In examining overall system performance, further definition of
the system instantaneous field of view (SFOV) suggests further
definition of the optimum sampling ratio may be appropriate,

A major cost trade is involved.

" Both 6 and 7 bit. data encoding was examined, No significant

cost or performance trade could be discovered. Therefore, the
choice of 7 bit encoding is concurred with,

There are significant economies in obtaining the ™ and HRPI
from the same supplier due to a possible commonallty factor
as high as 80%.

An "advanced" TM has been defined which can provide a 330 KM swath

at 27 meters resolution, provide an output at 80 meters com-

pletely compatible with and providing a backup to the operational

M35, and providing a pseudo-HRPI ocutput covering a selectable
35 kilometer swath at 30 meters., Both the MSS backup and
pseudo-HRFL signal would be compatible with the present DOI
and planned low costs ground stations. (LOGS). '

DELETED

As the land resources mission (IRM) matures, the desirability
of obtaining stereo coverage will increase and a X50 N,M,
drift in the orbit repeat cycle prior to orbit adjust will
become a preferred orbit, Furthermore, the use of ground con-
trol points in isolated or distant areas will become pro-
hibitively expensive.

A1l of the studies associated with the instruments assumed a

nominal satellite altitude of 680 kilometers.

ko2
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INSTRUMENT APPROACH . e NuMBER
112.1.1
E. 2, 1 External Inpvt Considerstions B
| ORBITAL MECHANICS IN THE GEOID |
. The potential pérformance of the instruments and data reconstruction
equipment is highly dependent npon the adequacy with which all systematic
errors effecting the data can be determined and factored”out, These sourcen
of error and also various nliowable variations arc discussed in this section.
The basic geometry of these discuasions is shown in figures E.2.h;1'to 5
There are a number of instrument-vehicle errors which distort the
transmitted imagery relative to the geoid:
1. Errors in the local vertical of the instrument;'rolla.ﬁitch and
yeaw nnd their deviations. -
2. Errors in the sccn angle of the inotrument from the expected
value. _ N |
3. Erroro in the vehicleo altitudc fram‘the cxpected ephamcnis;
k, Errors in the vehicle velocity from the nominal g
On‘ton of’ these errors are & group of distortions due to the
1. rotation of the earth
2. dinclination of the orbit and
3. precession of the orbit which complicate the data reduction
The general goal of the EOS program is to minimize the uncontrollable
errors and to remove the controlldble errors from the‘daﬁa.channei as early
as possible. The'goal would be.creation_of "mapa" with an Uncdntrolled(error
of under 10 meters. The above performance would be doho,ﬁréf&rably without "
ground control points. . | o
PREPARED 3Y _ GROUP NUMBER 8 NAME DATE N cHance
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Fig. L-1 EOS 0Orbit Geometry
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FLAT EARTH

Fig. E. 4-3 Effect of Earth Radius on Scan Geometry
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Critical to creation of data to the gbove accuracy is an accuréte knowledge of

the local vertical of the instrument primarily the thematic mapper. The RMS error

“in the location of the nadir point is needed to at least + 30 meters or bettér,

one IFOV, from the nominal altitude of 680 kilqﬁeters. The. important cons#itﬁehts'
of this RMS value are primarily four: |
1. The roll angle of the spacecraft from nonlmsl.
2. Thelpi£Ch.angle of the spacecraft from nominal.
3. The along track‘ephemeris error of the spacecraft.
L, The créss track ephemeris error of the spacécraft.
Thus the instrument iine.of sight is needed, in pitch and roll to 1'3 arc
geconds or better. | . |
Similsrly, the position of the satellite along its track should berkﬁcﬁﬁ to
better than'i 30 meters at a nadir velodity of approximately 68001meters per éécond.
Thefefore, the vehicle cloek should be available, for tranémission with the data, ét
an accuracy of + 5 milliseconds. The corrected ephemeris would also be needed to
this aceuracy in order to determine the in track and lateral pOSition error of the
Vehicie. _ | |
As the thematiq'mﬁpper'scané;oﬁt to the side the effecfive ground field of
view increases. Along the in trahk direction, thg increase as given by the secant
of the angle_gi. In the croés track direction, it is given by the squafe of the
gsecant®. | | |
For a non-flat'earfh, these distortions are sﬁmewhaﬁ'greater but for.ééan

angles of less than + 30 degrees the increases are negligible.
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The position of the area o? the geold scanned during a given time intervsl
may not be the expected area due 1.0 a number of distortions. Besides the rell
and piteh errors discussed earliey; the vehicle yaw error becomes prominent in this
poet b is given by Asing sin &, -
context. The position error for | flat earth is given by siq%iis n . This
erro¥r increases rapidly with scam'angle_g;; To maintain this error below + 30 meters
‘ £ - :
at 680 KM and 5°'=§§§, Eg;w must be below + 530 microradians (+ 2 minutes of arc).
Figure 3 illustrates in elementary form the geametfy of the scanning problem,
particularly for the non-conical scanners. The goal of the program is to genersate

maps of the earth's surface which correctly display data with respect to its correct

position on the geoid, data is presented linearly with respect to position 8, From

|
g design point of view,'the output of the scanners themselves should be linear with l
regpect to S if gt all possible ﬁo minimize the amount of data processing requifed
later in the systenm.

- Qlearly dgi; the angle between the scanned point and the nadir, is linearly
related to the distance S, A similar linear relationship cannot be cbtained from a
location outside of the geold except by an approximatioﬁ applicable over a limited
ang?eﬂg%;, . The desired function for Jéf is:

.;é:= arc tan Sin S/R
| | cos s/;sz[--l4-1”380/R

coS 8/R .

which is linesr in 8 for small values of S/R, where the paranthesis is negligible.

At. S = O, _g= 'ggo__@@. '

N i o
At 5=t 92.5 kilometers, ¢F = 6‘86‘15;'
to better than one part in 10h. At 8 = + 165 kilometers,_ﬁé:still equals
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_[%/GSQIj?rfé at least one part in lOLL also, One part in this one IFOV in 300

—=

kllometers (+ 150 kllameters)
Thus a scanner which scans 1inearly w1th‘Jﬁrwdll provide & Tinal map which
is 1inear in S to withln one IFOV over-the desired scannlng swath.

« To scan linearly 1n_Jérand achiéve an accuracy of 0.1 IrFoV (1: 105), w1thout

correctlon,the scan angle would have to be 11m1ted to_gg-—_ 0.27° or ggr + 2. 5255 )’

a‘swath‘width of only + 30 kilometers.

Thus correction or cqmpeﬁsation.is likely to be required. -

The TE scanner employs a unique characteristic of a reflectiveaoptical“
syétem to provide this compensation. By proper choice of nddai points in their
optical system, a curvéd focal plane is obtainéd fbr a flat object plane. lBy
adjusting the radius.bf their scan wheel to equal the radius of cwrwature of the
imege, a scan which isg linearly related to{ggfcan be achieved,. Following fiﬁél
choicé of nominal flight gltitude, it is possible to adjust the nodal points Qf
the opticsl design to achieve a scan linear in S. ‘Whether it is possible to

manufacture the optical system to the desired accuracy, specifying radii of cur-

‘yvature to about 1:105 has not been determined but it is queétipnable.

The Hughes linear scammer is not intrinsically linear in;fgior S and will’
require considersble additional design enalysis by Hughes before any possibility
of a sufficiently linear output to'&void digitel correction on the ground can be

confirmed.

An additionsl problem with the geometry of the 1inear object plane scanner

is the likelyhood that both the east to west and west o east scans will be employed.“

s,

S8ince neither of these scans is intrinsically 11near in 4 or S or to each other
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without compensation or correction, the breadboard of this design should be
exganded to evaluste and/or demonstrate what level of linearity could be achieved
in this respect.

The accurate sgcamner of Honeywell exhibits g negligible-intrinsic error in
scan linearity with ground position assuming the residual roll and pitch errors °
of the wvehicle are acceptable and the yaw error is small. TFor excessive pointing

errors, the accurate scanner becomes very difficult to correct,
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As more detectors are used simultaneously to scan & single.stripe, the outer
detectors are further removed from the center detector which scans a great circle
~through naedir. These outer detectors exhibit a scan distortion as -shown in

figure U4 The graph shows the tradeoff between the number of détectors and thé

scan aﬁgle for a given position error.
‘The actual shape of the area mepped on tﬁe geoid with & perfect scanner of
ﬁeéligible séan-and‘attitude errors can be described in tefms of three additional
errors; orbit inciinatioﬁ'skew,‘earth rotation skew, and scan bime skew.

The requifed orbit inclination of.a long 1if3~épan synchrcnous satelliﬁe
resﬁits in a nadir flight peth which is skeﬁed with regard to.the‘UTM grid by

an angle which varies with lattitude, ranging from 9° at the equator to 90° at

the lattitude_equal to the orbit inclination;

In aﬁdition, earth #otation during scan céusaé two furthér skews, The first
caﬁses éhe recfilineér-écan of the‘overall sensor to become rhomboid when trans- -
ferred to the geoid. The finite tim¢ required for a single detector tq s can #
single line also causeé the iine_to be varped on the geoid by thé eartﬂ% rotation.

Each of these three skews is sufficlently large to require ground proceséing

to correct pridr,tb rgductién of the date ﬁo UTM based maps.
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Table 4-1 summarizes the system mapping errors showing the desired

: and the expected errors on both a pre-and post processing basis. The

methods of processing to achieve this are examined elsewhere.
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TABLE 4L-1 Summary of Desired and Expected
Errors on Preprocessing and Post Processing

0 Meters

|

Desired Typical Expected
Before - After
Processing Processing

Pogsition Errors

- Sensor Pointing Error 45 x 10—6Radians " TBD T8D .

~ TIn Track Position Error 30 Meters '

- Lateral Position_Error 30 Meters

- On Board Clock Error 5 Milliseconds

Geometry Errors

Object Plane/
- Scan Angle Distortions 0.016%

Image Plane/ _

- Scan Angle Distortions 0.016%

- Bow Tie Distortion , .

- Vehicle Yaw Error 530 x 107° Radians

Geometry Distortions

. . . 0 o .0

Orbit Inclination Skew 0 97 -90 ‘
Earth Rotation Skew o° 5°_0°

Scan Time Skew o° 0.021°-0°

Orbit & Local Terrain ‘

- Altitude Error ' 500 Meters 30 Meters¥

‘%With Stereo Processing

4-15



(3FTLINIRAN e
7 TRADE STUDY REPORT

e “'"f'”—._.'“ o T Tghoé?{unv ngpon'f— b

‘ T i

| wes NUMD LR

|

l

R, 4,1,1- Minimum Overlep Requirement i \
|

The minimum overlap factor acceptable on the EOS program for adjascent
(non-consacutive).swafhs is & function of how rapidly a fully corrected map
of a given ares must be available after original data acquisition. |

At the equator, the creation of a contiguous get of UTM 15' charts

from the basle tapes can be cbtained in a number of operational ways.

One of the principle operational goals would be the ability of the
datas reduction system to generagte a full set of UIM 15° charts without heving
to merge the data from adjacent tapes. Tiis cen be achieved at all .latitudes

unequivecally if the % overlap meets or exceeds: (sée Figure E. L-7)

% = : 15 N Mi. . 1
o8 (inclinetion) swath width
For 8 100 n. mi.: Swath width, this beccnes
% - | 15 = 154
{0,985 ) 100

For latitudes farther ncorth, the 15' UTM width is less then 15 N, Mi. and the

equation becomes

4 = 15 W. Mi. cos (lat.)
cos (inclin.) X swaeth width

which can be tabulated as follows:

Swath Width Tatitude
0° 25 © 48°
100 5% 13.4% 10%
125 12% 1L % 8%
et . i o
e reARED . GRO .P NUMBER & HAME DA E CHANGL
e LLTTER
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The sbove situation would hold true jndefinitely if the spacecraft was

operated in efn orbit exhibiting an exact overlsy of subsequent orbitsa.

If an orbit.is rhosen such thet the orbit path does not repeat exactly
in & smallAintegral number of days, allowing a 750 n.mi. displacement at
the end of one 17 day cycle for example, the overlap fector becames much
less important. Then, the 15°' UTM charts not obtainable fram the tapes
generated during the first 17 day orbital eycle are by necessity available
during the second cyele, -

In the sbsence of clouds, the overlap fector is no longer of consequencé
except to ensure absence of voids and to allcw gufficient overlap for
vigual metching of adjecent uncorrected imagery. This should be achievable

with as little as 2% overlap. Taking into sccount & 50% chence of significant

" eloud cover in any 15 UTM area and & probability of & completely clear

of about 10%, approximately one year would be required to collect & complete
set of types from which a ccmplete set of UTM 15! éharts could be crested |
containing & minimael smount of cloud and without heving to perform any tape
merging.

Of course the orbit retrace cannot be allowed to wander continuously,
the longtime average orblt mst retrace exactly and have s, gpecific inclin-
ation to remain annsynchronous. However, allowing the retrace to g0 from
an overcorrected 50 n.mi. error to a drag induced 50 n. mi. on the other
side can allow a relatively long time between orbit makeup activities

without incurring a aission penalty.
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Local altitude perturbations in the orbit due-to various mass anoﬁolies and
terrain features can also cause errors in the maps of a significént améunflat the
30 meter perfqrmance level. At the extreme scan angle for the 100 n mi scanner
at 630 KM nominal altitude, an altitude error of only 220 meters will result in
2. mapplng error of,dne resolution element, This is well within the loéai ferrain
variations found frequently in'CdNUS and worldwide and is of the order of the
systematié errors in tﬁe orbit. Removél of the terrain errors in the absence of -
Stereo coverage would only be by reference to ground control points (located on
the gpecific hill of_interest) or other material. The establishment of such
local ground control poipts would involve a survey team in the field and wbuld
be prohibitively expensive. With sterec or pseudostereo coverage, available
.throughout the CONUS if +50 n mi orbit repeat wander is allowed, correction of
+3O meters can be achleved using standard stereo techniques. The variation in
local terrain altitude will become the dominant error in the data reductlon sys-
tem {especially if a wide angle TM is used) as the flight program matures and
the system begins serving the mofF.difficult users -- the small farms located in
rolling countryside for example, Thus'as the system matures, thé requirement for
stereo will increase andorbital drift durihg date acquisition will become desirable.

E. L.2.1 Candidate Scanning Techniques

As & result of a serieg of sponsored p01nt de51gns for the Thematic Mapper
followed by a similar series aimed at a High Resolutlon P01nt1ng Imager, a very
large range of possible optlcal imaging technlques were congidered as 1nd1cated
in Figure E 4-8. The pushbroom electronic technique can also be described as a
linear imagerplane scanner aithough'its implementation is somewhat differenp

than the others in this family.' ’
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--ﬁégguéf.these scanner types are capable of meeting the EOS reguirement.
It is the seCOndary con51deratlons which must be used to evaluate”£heir re-
lative utlllty, reliublllty, and dlfflculty to produce and use (éost);-

Of primary importance before proceeding 1s to p01nt out that the title
linear scanner may be mlsleading Such a scanner may =scan’ & geometrically
straight line under cptimum conditlons but generate a temporaly non—llnear
output data stream which is difficult to- process Conversely, the coﬂicai
sean &y generate a temppraly linear data stream while scannlng a c1rcular
arc on the gecid.

Furtherﬁore, fhe scan patterns on the geoid sre only truely linear Qr'
cireular when the scanner reference axls passes directly through the nadir
of the sensor. This is & very difficult constraint. In addition, most of
the preferred scanner configurations'employ multiple detector arrays.” Under
such circumstances only one of the detectors of a linear scanner can scan
through the nadlr and produce a geometrically straight scan on the‘gEOid,
all cother detectors must scan an arc resulting in the familiar bow—tie
«ffect.

Thus, as a practical matter, one should not attach foo much signifi-
cance to the term linear &s used here. Ixcept for & ibgal user or a uger
only reguiring cursory knowledge, all of the scanner-Spacecraft combina-
tions‘evaluated will require‘computer computation prior to‘reéonstfuction
of the imagery in iinal form. The amount of computation required is-é

strong function cf the performance of altitude control system.

Telescope Concepts:

The pr1n01ple advantages of an ObJE"t plane scanner relative to an
image plane scanner are two. First, the object plane scanner only requires
a very small image plane field of view, about 1/32° (specifically the siZe_:

of the detector array) and is therefore. easiér to correct optically.
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The image plane scanner must image an area &s la;ge as the aréa‘to be
scanned. This difference is quite significant in the TM (image field
of ~15°) and any up rated T™ (imege field reaching as30-40°). Second,
correction for such wide fields of view in a fast telescope become qulte
diffieult and, &s é minimum, adds to the nuwmber of surfaces in the opti-
cal path, an area vhere image plane scanners are already at a disadvantage.
In the case of the‘HRPI, the offset pointing requirement further
accentuates the difference in computaticnal complexity reguired to handle
the linear versus conical gcanners and the need for excellent aliénment

of the sensor reference axis to the nadir point.

Sean Distortions:

For a linear scanner with a negligible pitch and yaw misalignment,
offset around the roll axis results merely in an indreaée in the bow tie
effect and the loss in resolution according to the’cosine law in the di-
rection of the flight vector and the cosine sguare law perpendicular to
the flight vector. No voids are caused and if desired, certain detectors
which are providing redundant data due to overlap can be ignored. A pitch
or yaw error causeﬁ_the bow tie pattern to be unsymmetrical causing some
complications in the data reduction.

For conical scanners, of fset can be accomplished in one of two ways:
changing the sector of the arc usually scanﬁed to one ineluding the de-
sired offset or by offsetting the reference axis so the desired area falls
within the area desired. In the first method, the scan geometry is un-
changed except witﬁ relation to the flight vector. The processing al-
gorithms reguired are changed little. In the second method, the entire
scan geometry changes to a series of ellipsoidal segments containing

considerable overlep scan to scan, complicating the processing con-

siderably.
L.22



In the variasble sector scanner vehicle pitch and yaw errors are &l-
most insignificant causing & small displacement of the total field of
view. In the displaced reference conical scanner, they add additional

minor terms to an already complex algorithm.

Inertial Impact:

All of the mechaﬁical scanners invol§e motions having én inertial
1mpact on the spacecraft most of these 1nvolve continuous rotary motlons.:
lt ig anticipatec that the scanners will run contlnuously once orblt is
achleved. Therefcre, the'principle trangient éeffect 1s a momentum transfer
durln& initial startup, and the principle steady state effect is one of B
gyroscopic coupllnv of any torquing to the vehlcle caused by the attltude
control system. The proposged linear object plane scanner has adopted a
nutating rather than a continuous rotating mirror. This scﬁeme avoidS'é
gyroscopic effeet bgt introduces a continuous vibration at about 10 hertz

and harmonics thereof which must be acccounted for and isolated.

Pointing Errors:

The size and perfbfﬁénce'of the Thematic Mapper is such that a review of ﬁfe;
vious practice.with regard to estabiishing the sight line of the instruﬁent ﬁith |
respect to the'Nadir, is'Suggestéd.

. In a great many earlier NASA missions, the instruméntation was relatively‘small
phyS*cally and the angular resolution relatively course compared to the accuracy

resdily available fram the guildance system.

The sbove considerations have led to the practice of considering the vehicle
‘an optical bench to which the guidance package and instrﬁmeﬁﬁs weré physically
éligned prior to launch. If necessary, the actual instrumeﬁt élignment to the

Nadir after launch could be calibrated out,(a rather coarse sbsolute accuracy) |
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by manually examining the imagery. Tt was not difficult to design the vehicle
{the optical bench) for adequéfe rigidity and temperature stability due to thé
coarse resolution involved. |
The above procedure was agbandoned some years ago in higﬁ performance militar&
camersa systems for a nunber o:E‘_I:_easonsn
First, the relatively large "£e1escopes" employed must be mounted in a sta-
tically determinate manner to aﬁé&d the introduction of forces caﬁsing defocussing
of the camers system. Such determinate mounting makes it difficult to maintaip
tight alignment to the attitude reference through the intervening optical bench
(the sﬁacecraft in this case). Furéhermore, as the angular pointing accuracy goes
up, it becomes more difficult to achieve the desired rigidity of the spacecraft
without a weight and/or,design cost penalty.
Similarly, the difficulty of guaranteeing thermal stability to the degree
desired during design becomes more costly.
Cglibrgtion by éround'control points is still a means of establishing the
actusal pointing angle over a relatively short segment of the mission duration.
However, it suffers from gt legst three drawbacks:
1. Tt will require human intervention into the dﬁfa processing
system of a high volume operationally oriented information
system. | |
2. It will require at least quarterly recalibfation during the
mission 1ife until the stability of the calibration is
‘dempnstrated as the required frequency of recalibration is

established.

3. The calibration results will not be available in a timely

mermer, hours sfter data acquisition, to allow preparation

L2k



of "final" maps by thg data processing system as part of
its on-line operation; h |
A further complication, iﬁ.terms of aligning the instrument to the guidénCe
Package thfough the vehicle structure, arises when the instrument must be rémovable
as a module for resupply or malnteﬁance by shuttle. Designing a simple latehing |
mechanlsm while malntalnlng the desired allgnment aCCUracys,. prdbably in tandem
with the determinate mount, will be a dlfflculuy and a cost.
The preferred solution to the alignment task is to.mount.a pointing reference ,'
directly on the instrument. This accomplishes a nuhber of things:
1. It allows the inétrument and the reference to be aligﬁed-td each

other at‘the subsysten 1evel vhere smaller packages and shorter
diStances are imvolved. |
2. It allows the spacecraft to be designed without as demanding require-
ments as rigidity‘and'thermal stability, contributing to a low cost
design. ‘ | .
3. Tt mekes the spacecraft design independent of the particular
payload:éarried; leading to aimore general purpose Spacecraft.
h; It considerablj‘simplifies'the spacecraft system intégration
problem since n§ élignment.benchES'and.or pathWaysrneed'be
pro#i&e& as part of the AGE. o
5, It elimiﬁatés éntirel& the need for human intervention in the
data proce331ng system after 1aunch both in the fleld establishing |
grcund control p01nts, and at the data center rev1ew1ng the imagery.
The cost saV1ngs assoclated w1th items 2 through 5 will normally far exceedr

the cost of mountlng an addltional star tracker on the instrument (as an instru~
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ment missionrpeéﬁliar item) aa§uming integration of the senéa;miﬁgg—ghe.spacecraft
sysﬁem-is not too difficult. | o

In terms of integrat:.ng the IMP sta.r—tracker into the EQOS- &.paceerai‘t the
a.dd:.tlonal cost is remarkably low,

In the EOS baseline design: the system employs & common bus éomications
system between all system elements and the on-board computer and a1l elements
cou:mmmicate by way of the cmxputer. Thus the star-tracker in the gu;.dame and
control module doesn't ccmmunicate directly with other elements‘of the guldance
.syéﬁem. Instead, it is addressed and COrré8ponds with the computer only.

- In such a system, sée-Figure M—Ba,rthe introduction of an IMP stéf-
tracker (and a backup to the main unit) is quite simple. The computer merely
addresses one star*trackér or the other as desired. Of course, it must have the
correct star map for each tracker in storage if it is assumed they hgve scmewhat
different optlcal sxes. If they have similar axes and Tields of wview, only one
map is required. | |

The IMP star-tracker would be addressed through the T command and telemetry‘
multlplexer wherein adequate capacity is available.’ Thus it Would be replaceable
as part of the ™ package, Figure 8b,

The use of an IMP star-tracker would allow the exact line of sight of the in-
strument to be transmitted. to the ground with an instantaneous accuracy of one .
- IFOV or better in real %ime, far better and more current than the average value
obtained by ground control points. The accuracy of the on-board reference system .
"in the baseline would be on the order of *6 IFOV at best.

Therefore, it iz recommended that a star-tracker (auxiliary to the main
star-tracker) Be mounted directly on the T™M and communicate with the on-board
- computer through the ™ multiplexer: If possible, the two star-trackers should
have parallel optical axes and be otherwise identieal to 31mp11fy the on-board

computations.
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Whereas the HRPI ig intended to achieve a higher ground resolutlon,
it need nOt achieve the mapping sccuracy of the TM. It need not carry

its own star tracker, calibration is aVailable‘COnveniently by comparing:

the TM and HRPI imagery of the same scene.

Instrument Size:

All of the point deSiéns congidered for, the T™ were found to achieve
similar opticélis&sfem and sensor performance. Thus, they gll required an
aperture of about 19" at the 91k KM altitude to achiev¢ the desired radio-
metric performance. ‘Approximately 6QO pounds was required‘as a weigﬁt
allocation.fof each of the designs. The weight ellocation was found'fé
ke proportlonal to the square of the altltude as is common in such in-

struments. Thus, 8t the preferred altitude, 680 km, a8 we1ght of about

357 pounds is to bé_axpected, Fig. h -9,

Scan Efficiency:

¢

The mechanicél image plane scannérs typically exhibit a lower scan
efficiency belore v1gnett1ng than the obJect plane scanner. However, the
oh ject Hlane scanner eXhlbltS a poorer tcmporal linearity as the scan .
efficiency is 1ncreased. A scan efflclency of between T0% and 80% can be
expected in the final TM des1gn with llnearities better than 3 parts per
14000. (Plxel 1ocat10n er?ors of up to 500 meters in the raw data}.

1Y an extended swath TM is chosen for flight, the scan eff1c1ency of

image plane scanners will drop pre01p1tously unless a 51gn1f1cant welght

penalty is 1ncurrea, Flg h 10,

HRPT Designs:

Each of the mechanicel scan T™'s were configured to & HRPI. The

resolutions were ipereased at the expense of rield of view and MIF.

Therefore, the size and weights remained rélatively fixed. In one case
. 3 A
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a pﬁinting'mirror'wa: added;_{hrtwo cases_thérentire instrumnent was

redes igned to roll about the roll axis. Both satisfactory modifications
involving less than 50 pounds. Where a major part of the instrument
1z rolléd, an additional penalty of about 20 pounds is lncurred In order
td pfovide momentum compensatioﬁ. Tnternal compensation ls preferred ovér‘
reliance oﬁ the ACS due té the desirability of polnting the HRFIL rgﬁidly
and minimizing the setiling time following pointing to ensure adequate
‘cgpgbility for acquir;ﬁg data from targets at similar latifudes on a
gingle pass. . ‘ | - |

The electronlc push broom HRPi was briginally designed wlth a faulty

opﬁiﬁal system. When corrected, the total welght of this and the other
HRPI's will all approximate 400 pounds (including momentum compensation)
for the 680 KM Orbit. . '

GROWTH VS YAW ERRORS

All of the linear scen HRPIs and the extended swath TM's place a
heavier requirement‘on the spacearaft'yaw'accuracy as the extreme scan
angle is increased. In the absence of adequate yaw control, the required

ground processing increases in complexity.

DESIGN COMPATIBILIPf

Basea on the current staxé of instrument design, each of the mebhanical
gcanner supbliers 1l offering a pair of scanners, one TM and éne HRFI,
based on & sihglerstructural package. Therefore, considerable design

cost could be saved by acquiring both instruments from the same supplier.
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g.2.4.2.2 Canditate Detector Systems

All of the point designs choose the same detector type for

band 7 and there is ‘little choice for detectors for band 5 and 6. The

area where choices remain is in bands 1 to L.

For band 7, Mercury Cadmium Telluride operating at 100° KélVin
1s the detector of cholce. No other detector is known to meet the
regulrements at a tempnrature achievable with a pa551ve cooler. |

For band § & 6 a similar selection can be made. Indlum
Antimonide, though requiring cooling, has a very low internal‘pcwer'
diséipation’and represent a very small load to the cooler-' By using a
cooled filter immédiately in front of fhé cell, a veryrgOOd inherent
S/N can be achieved. W’nethér this performance can actually be achieved
is highly dependent on the design of the preamplifier used since due to
the low impedance of the detectors, the circuit is usually preamplifier
nolise limitedr |

The perfcrm&nce in pand 6 is génerally found to be marginal
in all of the p01nu de51gns and the suggestlon appears repeatedly that
band 6 be comblned with band 5 in order to provide generally hlgher |
performance. User requirements must be examined before taklng this step.

In the flsual reglon &f bands 1 to L is where the most
51gn1flcant chozces are requlred. In gzrlier programs, photo-em1551ve
photo-multlpller tubes were by far the best performers, partlcularly

when used in the multiple internal reflecection mode- ﬁﬂacently, ‘the.
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solid stete silicon techneology has clearly surpassed even the new (GahAs target
PMT in the long wavelength band 4 and as better and better preamplifiers are

designed it will elso surpass PMT's in bend 3, Hughes Figure k-11 . has indi-

cated in their HRPI point design that the number of silicon diodes for band 1
(the most challenging) is only 2—2.5‘times the number of PMT's required, a very
pcceptsble number except for the bow-tie errors encountered. These calculations
were made for room temperature devices., TE corporatlon has introduced the idea
of cooling the detector preamps to about 200°K in order to eliminate (reduce)
the mostsignificent noisé contributors. This leads to an improvement of about ;
1.631, neerly that needed to overcome the 8dvantage of PMT's illustrated by Hughes. |

Though the absolute superiority of silicon cells over PMT's may be argueable
for some time, they exhibit nearly adequate performance and offer a number of
significant advanteages. ’

1. They are considerably smaller and lighter,

? 2. They are a great deal cheaper and easier to space qualify. As time goes |
on the use of PMT's in industry will continue to drop cesusing their |

cost to increase further., :
3. They are much simpler to interface to the optical system.

L. They offer growth potential both in single cell performance but alse in

integration of the signal from multiple cell arrays.

By modifying Figure E. 4-11 taken from the Hughes point design to reflect
cooling, the use of about 20% more silicon cells than PMT's results in a design
of comparable performence for the two cases, The use of even a few additional sili-

con cells is feasible and leads tc an inexpensive improvement.

Of even more significance, is the growth potential available with
silicon technology. If en increase in sensitivity is desired, the silicon cell
arrays for each band, which at the moment are one dimensional, can be changed to

two dimensional and longer signal integration can be obtained for each pixel by

—
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employing 'delay integration”, (a technique which is intrinsically incompatible
with oversampling which is discussed elsewhere), This is the technique suggested
in the Hughes HRPI desugn. The technology to accomplish this improvement is_
already available in early form from several military space programs.
Tt is recommended that an all solid state detector packagze be
utilized on both the TM and HRPI, utilizing a slightly larger aperture
if necessary to achieve the necessary S/N ratio, that provision be made
for cooling the band 1-4 detectors and preamplifiers to EOOOK, gnd that
provisicon he made for retrofitting two dimensional sensor arrays for
esch spectral band in the fﬁture.
E. .4.2.3 Output Date Formats
The total data rate out of each of the optical instruments is
in the 100 megabit per second region, and is initially generated
a5 approXximately 100 individual analog channels. The choice of the
methed of transmitting this data and assimilating it for transmission
are primary as is the question of the location of the interface
between the instruments and the data transmission system.
[
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The output date rate of the instruments is proportional to:
the scan width

the IFOV (Reciprocal Squared)

the scan efficiencyl(reciprocal)

the number of bands

the number of-sémplés/IFOV

the number of bits/sample

the vehicle altitude ('Eb.zi )

E.4.2.3.1 Scan Efficiency

In 2ll candidate instruments, a'scan efficiency of betweeh 70% |
and 80% is predicted., At 80% efficiency, it is not deemed useful to
add a buffer on board the spacecraft to equallze the data flow and lower
the data rate. With the cost of a data channel rlslng at the fourth
root of the bandwidth,_it 35 much cheaper and more reliable to raise

the baundwidth rathéer than add & large on board, high speed Buffer.

E.4.2.3.2 Scan Linearity -

Because each of the candidate linear scanners exhibits a temporal
distortion in its scan there 1s a tendency to want to correct this
‘priocr to transmission 1n”order to make it easier on the ground station.
In the present image plane linear scanner, the error is due to the Earth's
!'jcﬁrvature.‘ The error is smsll and predlctable, gince it is trlgonometrlc.
The object plane llnear scanner as currently breadboard exhlblts temporal scan
nonlinearities of a higher order whlch are repeatable but not as well be-
haved. By operatlng the scanner in a closed loop mode, its temporal linearity

can be brought to a re51dual error Whlch is also trlgonometric.

i
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These remaiﬁing trigonometrlic errors are sufficiently small thatl
the radiometric quality will not be affected. However, the érror in
true ground position still amounts to tens of pixels at the edge of
the scan. Removal of these residuals can be accompliéhed in two
ways; by sampling +he- detectors on board assynchronously and then
clocking out the samples. synchroncusly, or by sampling and transmitting
the samples synchronously end correcting tle errors along with the
other geometric erfors.of fointing in a single correction ﬁrocess
using a product matrix in the computer. This latter approach is
by far the better one. It leaves the on-board eguipment all synchronous
and as simple as possible. To ealleviate any problem in case of failure
of the scanner feedback loop, it is proposed to transmit a scan error
code ;& per pixd besis m & routine basis. Therefore the res.ult of
a loop failure car be corrected on the ground, at least at the maiﬁ
station, with only a small reduction in throughput.

E.4,2.,3.3 Offset Scanning

An additional problem appears in the case of a HRPi at high aspect
angles. The boﬁ-tie effect may become large enough to effect both the
radiometric accuracy of the data and the amount of overlap in the
imegery, (approaching-ES% or % of 811 detectors)., Correction of this
éffect on board is complex reguiring both a scan raté and scan duty
eycle change. A preferred correction 18 fo correct the radiometric data
on the ground for not only scan angle effects but also for atmospheric
column effects. Similarly, the geomeﬁric data can be corrected by the simple
expedient of blanking out data from one of each pair of overlapped de-

tected channels or by averaging.
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In all of these cases, the preferred data handling approach 

involves synchronous sampling with a fixed clock.

E.k.2.3.,4 Orbit Altitude Corrections

Consideration of a variable clock must be looked at from oael
other perspeétive, the possibility of an incorrect orbit iﬁjecﬁion.'
An error in tﬁe mearn altitudg and/or orbit ellipiticity could result.
These errors afe correctable wifh'the‘bésic orbit adjust system and
.are therefore unlikely-unless a major maifunction causes a gross
error which will neceSsarily,?eEUif iﬁ a non sun-éynchronous ofbit and
a compromised mission.- For m?aé éltitude errors of leés than 50
kilometers, the daﬁa‘can be radioﬁetrically correcﬁed'without resorting
to a variable clock énd the.geoheﬁric errars amount to approximately
1 IFOV per stripe. There seems to be little chance gf an altitude
error of sufficient magnitude to Justify a seén rate which is
varisble in flight. |

Using the 185 KM swath width, 30 microradian resolution TM at
680 KM as a reference, and employing 15 detectors in each band except
7 where 5 are used, (15/5 is choseﬂ rether than 16/4 in order to
better accomodéte the LOGS mode of operation). The.time to move from

one pixel to the next is approximately 6.72'micros¢conds.



E.4.2.3.5 Data Sampling Ra%=

An area of significant importance in the trade study is that invelving
the number of daba samples fo be transmitted per IFOV. As‘will‘deveiop
below, specification of this ratio has a number of very important system
ramifications:

1. It has a véry signlificant operating cost impact amounting to
millioné of dollars per year.

2. It can have a significant impact on the accuracy of the radio-
metric data particularly at low radiance levals.

3. It o-an éffect the fidelity of the reproduced imagery from a
”resolution" and edge response point of view.

L. Tt _can bave a mejor impact on the growth potential of the
overall system design selected.

5. There is a historical precedent in the developmental ERTS
system which may or may not be relevant to the design of an
6perational system such as EOS.

Each of these impacts; cost, performance, and philcsophical must be
examined closely in arriving at an optimum system design.
Tefinitions

Because of the complexity of this study area, certain background

and definitions Are‘appropri&te before proceeding. |

For the types of instruments being considered here, using a row(s)

of discrete continually integrating sensory cells whose fieid of view is
being continually swept mcross a (relatively) stationary scene, the spatial
performance is best described in a different menner for the along the row

and the along-scan direction.
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Therefore, the following definitions will be adopted:

Along Along

Scan Row -
The imege response of the telescope : o -Ifs. ' 19
The image response of a single sensor cell Lag _ Idr
The image response of the sensor array - Ias Iar
The imsge response of any filter prior to sampling '.Ifs T
The image response of the sampling system of the A/D
converter ' - ss - Isr
The image respdnse of ‘the reconstruction printer' Irs Irr

In tﬁe'above table,.iﬁ is‘genérally 8 good approximetion that the syétem image
response from the input t6 & given interface is described by the RMS sum of 7
the image respohses pfior to that interface. Althéugh the teiescope itself is
not quite Gaussian in image response, the central limit theorem is éomplied
with after summing aﬁ legst three image responses, i.é., prior‘to sappling énd

certainly after sampling., Thus the EMS sum is justifiable.
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in the EOS system, the image response ISr = 0 gince no sampling iz done along
the row except that due to the geometry of the array Iar' For the non-CCD T™ configu__

rations, Ias = 0, Also Ifr = 0 since the analog filtering provided does th affect

:the dats in the along the row directiomn.

To conform to earlier definitions on the EOS program, the instantaneous rield

of view (IFOV) of the instrument is given by

V 2 2 2 2
wov, = s ¥ Tas * Ias * Iog
\// 2 2 2 2
IFOVr =Y Itr + Idr + I + Ifr
and
IFOV = IFOV. = IFOV
S Ir

by specification.

The overall system performance can best be described by the system field of

view (SFOV) glven by -

2 2 2 2
SFOV., = V=1 \/ POV, + I+ I
8 -3 s 88 rs

\/ : -
IrQV, + T
r IT

\/ = Iﬁr

SFOV
r

Generslly, the system design will call for

SFOV_ = SFOV
8 r
however, this is difficult to achieve if IFOV_ = IFOV, It requires
2 ) 2 2 2
IFOV  + T + I = IFOV + I
3 S8 rs r rr
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' This can be achieved by degrading the reconstruction equipﬁent (makidg.Iir = Iis
+-I§S,) for the éffect of sampling or by increaéing the samﬁling ratg tormake ISS
approaching zero., Alternately the above equabtion can be an_inequality resulting
.in an assyﬁetrical oufputfcapabilify. | |

SFovS\ﬁ SFOR,,

An -alteérnate approach is to“hcld

i}

SFOV_ = SFOV_ .
s r

and relax the requirement that

IFOV TGV
8 r

then7any individual image résponse can be modified to optimize overall system.
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By feferring td Figure 4-12a, it can be seen that the data to be transmitted
is presenfed to the array‘in parallel. Furthermore, the discrete position of the
array causes its output to be phase sensitive. The frequency response function
ig statistical in nature rather than‘unique as illustrated in Figure L.12b. Thus,
whereés the bverall image response of the system zlong the row is uniqﬁe in é ‘
sense, its.frequency response 1s not., Thus, an IFOV specification is probably
Vmost apprqpriate.

For the along the scén‘direction, g 28imilar result is obtained but due to
a different process. The overall gystem response is obtained as a result of ar
number of processes as indicated in Figure L4-12c, ‘The data is presented to
each cell in serial fashion, each cell seesg portions of two data points simul-
taneously for a m&jor'portion of a sampling interval. Thislrésults in an output
signal which is highly dependent on the sensor cell size‘reiative to the imagery.
For a bar pattern of the same pitch as the sensor maximum dimension, the high
frequency content of the signal ié greatly attenuated. The signél is then usually
band limited further to minimize the noise content of the signal regardless of
source, Fig. Lk-124, |

The above signal is now sampled for purposes of tranémission by digital
means, The frequency of szampling has a distinet impact on many aspects of the
system, Technically, its principle impact is on the fidélity with which a

repititive pattern on the ground, at limiting resolution,'is reproduced,
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Shannon, When‘working.with one dimensional audio signals, that
two samples per cycle al the limiting resclution was adequate to recon-
struct a long periodic pulse train. It is not adequate to reconstruct
a shoft train bécadse of inadequate pha;e information. Aliaéing will
frequently result in such a case. .

Kell later showed that in commercial television, a pOor\analog to
the current problem.in.terms of both séene content, scanning method and
scene Lo scene integration, that 2.8 samples per cyéie was a gdodIStafis?
tical choice for IV broadcast purposss employing a virtu&l;y noise free
signal (and cértéinly not a photon noiée limited systeﬁ}. This criteria’
was developed boased on sverage scens content and was meaéured by using s
long multi-line wedge target.

In ﬁodern miiitary vhoto-transmission systems, an even stricter
eriteria is emplo&ed. It is required that only a few Shprt paraliel
bars at or near limiting resolution be'reproducéd faitﬁfully without
aliasing or drop-oﬁts(i. e. retaining the phase informatioﬁ). This
criteria geﬁerally reqqires at least four samples per cycle.

In each of the previous applications, the absolute brightness levels‘
assoclated with the data is of little concern, geometric detail is'of
greater concern.

For tﬁe land fesources mission of intergét here, a criteria diff-

. erent than any of the above may be appropriate; Clearly, the ébsolute
radiance levels.of the data is of greater interest; Fufthermore, with
the availablility of data from multiple spectral bands simultaneously,
the differentisl réaiance d&fa is of considerable interestéfarticularly
if it is of adequate quality. Quality in this mission seems based muchr

more strongiy on signal to noise ratio than on fine spatial resolution.



Therefore, the criteria for this mission is clearly different than for

those annctated above.

Cost Impact
The principle cost impact related to the sampling ratio is a straight

forward one 1nvol§ing the cost of processing the additional date pointe
related to a sampling ratio greater than 1.0. This additional cost falls
~into one or both of two categories: |

1. For a mep of 1.6 samples per IFOV in one direction and only 1.0

in the other, as in the NASA baseline, the total number of data
cells is 1.5 times that of & map of 1.0 by 1.0 samples per IFOV.

2. Tha cost of recomputing a 1.0 by 1.0 samples pér IFOV from the

original-l.S by 1.0 map.

The cost of data processing associated with the correction of the
imagery as received at the main station, into a fully cofregted map is
& major system coét; As shown elsewhere 1n thislrebort, tﬁe cost of
processing each mép is between $36 and $92 based on 1.0 by 1.0 samples
per IFOV. The cost of processing & 1.5 by 1.0 map is 50% higher as
illustrated in Figure h-12e, |

Since this cost is an operating cost, it is highly dependent on map
volume, Pigure L4-12f shows data from the ground data processing report of
this study modified to illustrate the cost of processing these maps as a
function of sampling ratio.

Note the significant cost of raising the sampling ratic. Tae differ-
ential cost, also plotted on this chart, far exceeds thelentire cost of
operating the MOCC for a relatively few TM maps per day. Furthermore,
the savings invelved in using a 1.0 by 1.0 sampling ratio rather than the
baseline can save $20 million dollars over a five year interval, a signi-

ficant portion of the total system cost.

‘h~50:'
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If after generating a Mally correctéd l.O.by l!éssample map, it is
desired to generate a one data point per IFOV marp, a 1.0 by 1.0 samp;e
ratio mep, two avenues are pdssible.

First, fﬁe corrected 1.5 by 1.0 map could be further proceésed to
give the desired map at relatively_little additional cost(about 25% since_
no geometric corréction is involved} and probably no change in radiometrie
quality.

Alternateiy, a special pufpose processer could be‘used to eliminate
the extra data poih£s on the original tapes prior to reprocessing into

a 1.0 by 1.0 map at the cost originally guoted.

MAP COSTS,STARTING FROM A RAW 1.5 by 1.0 MAP -

Map Nearest Neighbor {  Bilinear
1.5 by 1.0 |’ $5h $138
L.0 by 1.0 | | .36 %
Both meps £7-50% 172-230%

* lowesh number by use of special purpose.processer.  Highebr
"anumber is by reducing 1.5 by 1.0 map to 1.0 by 1.0

4537



Sampling vs Spatial Fidelity

There are two principle technical aspects to be considered in
selescting the sampling ratic. First, the impaect on the S/ﬁ ratio of the
data( radiometric) and second, the impect on the spatial fidelity of the
imagery alcng the scan defined more specifically as the effect on the
poiﬁt image spread funetioﬁ (or its integral, the edge response).

For a noise limited system, the effect on the radiometric quality of
using e different sampling ratio is gquite straight forward and depends on
whether the nolse is of detector origin or thoton origin. Figure 4-12g
illustrates the two conditions for the case of a uniform intensity level
at the input (the large area case). The differential signal to noise
ratio between two'adjacent resolution elements is considerably poorer due
to the loss of response at high spatial frequencies.

As seen from the figure, in areas of low intrinsic radiance, the
guality of the radiometric data will be impacted by a saméling ratio
significantly greater than 1.0, everything else being equal.

The effect on the spatial quality is not so direct since the point
spread function due to scanning is convolved with several other spread
functions of similar value. Thus referring back to Figure L-12c¢, it is
seen that the total spread function and MIF is the composite due to four
elements;

1. the optics

2. the field stop or sensor cell

3. an slectrical filter‘

4. the sampling process

The sampling process involves a statistical process noﬁ unlike that
described in Figuré 4-12a sbove, The resulting MTF is phase sensitive and
not unique, it is as shown in Figure 4-12h. The probasbility distribution
associated with this process appears to be flat so that the mean MTF is

descriptive. L5k
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Figure h-12i illustrates graphically the System costs as they relate fo
the sampling ratio and the MIF due to sampling. Note the_sampling ratic, the
data rate, and the cost of ground data processing are all sﬁown on‘a commoﬁ'éﬁale
as a funcition Sf.the sémpling MIF, The average MTF due to sampling is seéﬁ-to
drop from 71% to 50% as the sampling ratio goes from 1.5 to 1.0, waéver; this

is not the system MTF,

Looking again at our equation for the image response of the system, and

neglecting the effect of the ground reconstruction equipment.

SFOV_ = v//IFovi A

fa ss

2 .
and SFOV, v/;FOV = TIFOV
r r r

Looking at the above figures in tabular form and using a baseline IFOV ex-

pressed as:30 meters cround resolution (Ifs « ROV, + I ),

s
z SAMPLE _ -
. 1PV } SToE SFOV , COMMENT
1. Along Row 3OM —_— 30M _ Baszeline
2. STM : -_ ‘ 3™ Larger Detectors
3, Along scan 30M 21M | IR - g7M 1.5:1 sampling
4. : : 21 g 3o . 37M 1.0:1 sampling
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Note the baseline system - (line 1 and 3) provides 30 meter-éystem resolution in
one direction and 37 meters in the other. An alternate desién, lines 2 & U4
would provide 37 meters in both directions. This design would improve the aloﬁg
_scan IFOVS'by reducing the size of the detector cells in this direction by l/3
and degrade the IFOVE‘slightly by increaging the detectof gize by 25%. The net
effect on cell size would be small, a reéﬁétion in area by 16.5%, resulting in

only & minor loss in S/N performance.
The design of the optical system would not be modified in any way, unless

it wag easy to increase the aperture by 8% -- iess than 1" -- to regain the

above signal to noise loss.

There is another method of achieving a 37 ﬁeter system response without
reducing the along scan cell size (at least not so much). This involves departing
from conventional gaussian analjses and using an electrical filtér with s response
which rises with freQﬁéncy until sﬁstem cutoff is approached. Such a pre-emphasis
filter is capable of p;oviding an increase in the instrument MTF pribr tb'samplihg
at little cost and no pé:fdrmance penalty. - -

The filter should be of zero phase shift design since the othef-aﬁertﬁréé

in the signal chain cause a non-phase shifted roll-off in response,

Such a fllter when analyzed in conJunctlon with the other apertures as
a group‘does not introduce any undegirsgble ringing or othe; artifacts. In fact,
it is normal'ehgineering'prﬁctice-in_photd transﬁission to introduce even
more pré-emphasis prior to image reconstruction in order to remofe the blgrrihg

and contrast reduction effects of the reproducer and telescope.

Flgure h-lej indlcates how HUghes achieved the same instrument MIF after
sampling in their HRPI point design while reducing the data rate to 76 Mbs.

Because'of the cqnsiderable operating cost savings reglizable and the
lack of any significant berformance penalties, it is recommended that:

1. The.instrﬁmeht'be specified for an assymmetriCal.IFaﬁ.
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That the slong scan instrument ]I‘OV be specified as
gpproximately 1/2 of the cross scan velue by using
rectengular sensor cells or a.perf.ure stops (the
telescope response remains symmetrical).

That the sampling inferval be chosen to have an
equivalent sample size equal to 3/4 of the system
field of view (SFOV) and 1.5 times the along scan

IFOV .
ba]
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The annual dollar savings in the ground data processing facility can.
reach or exceed $2 million per annum through this choice.

The recurring cost penalty assoclated with this recommendation would
be at worst 1/8 of the above savings, about $0,25 million pef launch beééuée
of the increase in telescope aperture size of about 1",

No performance penalty is anticipated as far as the imagery is con-
cerned., On the contrary, as discuzsed elsewhere, the use of the suggested
sampling ratio is compatible with the introduction of the new CCD technology
at a later date, This can provide a growth of 10:1 in system radiometric
sensitivity, providing a considerable increase in the systems ﬁerformance

at high latitudes and. during the winter months.

h-62



Thus the question ariges as to how the raw data should be encoded for
transmission, by dividing the maximum dynamic range into a large'numﬁér of
linearly spaced increments no larger than the finesf rrey level change, by
dividing the range non-linearly into a number of levels which are finer at
the lower radiometric levels, or using a linear divisidn which 1s switchable
to provide the best of both capabilities. The choice coﬁes down to twoj
whether to use 6 or 7 bit encoding, and whether to-use linear or non-linear
amplitude encoding._ A parameter ef'fecting these two choices is'whethef or
not the dynanmic range éhosen can be varied on comﬁand. Figure 4-13 illu-
gtrates the possibilities. |

The best choice of these options is to use 6.bit'encoding in a linear
mode with a command switchablé dynamic range.

The data interface between each instrument and the daté tranémission 
system is of conSiderablg cdncern_due to the susceptability of the signals
to degradatiﬁn at this point.

 Another aspect of the iﬁﬁerfaee_relaﬁes to the ground'data.reduction.

It ig desirable for the data emanating from the ground processiﬁg system to
have outputb wofds from each épectral band which relate to a given pixel to be
transmitted as a_grpup. To accomplish this, the spatiallrélatioﬁship Between
the various detectors mist be known. Since the field of view df the various
detector cells assoc1ated with each spectral band are not necessar1ly 1dent1ca1
or even physically relatable except through calibration, 1t 1s‘lmportant that a
specification be placed on the instruments in this area. This will then allow

relatively simple processing on the ground to generate the desired sample grouplng
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Ta one of the point design instruments, both the east to wesf and west to
east scan are used for‘data acquiszition, in an attempt toc keep the scan efficiency
high. This causes a prqﬁlem in data reconstruction since most recorders, particu-
larly the cheaper optomechanical types, invelve a continuslly rotating drum or
. optical system to recfegte the scan. Genérally, these recorders are also unable
to record multiple data streams in pgrallel, such as are mandatqrj in the type of
sensors anticipated for E0S. Because of the need to convert multiple parallel
daté streasms into a singlé serial sﬁream of higher aata rate, it is anticipated
that 211 stations, even LCGS useré will reccrd all of the data pricr tp reconstruc-
tion, If the data is reéorded, only a slightly more complex membry syéteﬁ ig re-
quired to ture the daté from every other scaﬁ around than to merely change it from
parallel to serial form. Therefore, the question of unidireﬁtional versus folded

output data is not of major significance to this study.



E.4.2.3.6 Data Encoding Accuracy

The expected dynemic range of imagery to be scammed by the T and HRPI is
relatively wide. However, the quality of the data within this dynamie range
is varigble: at relatively low radisnce level which are of primary importaence,
the data is both of low contrast and of low signal to noige ratic. The low
contrast calls for small steps between adjacent digital grey levels. The low
S/N ratio indicates only coarse steps sre needed on a pixel by pixel basis.
However, large area integration may be =z useful method of data analysis by some

users to overcome this poor S/N ratio.

In the high radiance regions on the dynamic range, there is little informa-
tion of critical value to the land resources related users. However, there could
be s secondary output of the system of interest to the meteorology commnity if

adequate contrast discrimination is available.

The above considerations gll suggest encoding the overall dynamic range to
geven bits or more and possibly providing this level of encoding over a select-

able region of the cverail dynamic range.

The cost impact on the ground data system of processing 7 bit versus 6 bit
encoded data was examined., The cdmputer system envisioned is expected to process
the dats in & bit Bytes. Thus even with one parity bit within the Byte, there is

no cost impact with regard to computer cost.

With no operating cost impact to sway the choice, the non-recurring cost
impact was examined. The use of seven bits instead of six bit encoding will have
an impact on the system data rate and therefore could impact the data link costs.
The increaSe in data rate will be 16%. This is less than 0.5 Db and should not

impact the cost of the data link or ground stations,

L-B6



The remaining question is then whether to use linear or non-linear amplitude
encoding and whether or not to encode the entire and/or selectsble portions of

the dynamic range of the input imagery.

The best answer to the above choice is to rely on the aéfual experience
being gainéd on the ERTS program. There is preliminary informaﬁibn indiecating
that the use of a-switchgble'dynamic range A to D converter is and wowld be a
useful feature. There is also préliminary information that the ERTS design may
have a high sensitivity mode of the type illustrated in the upper portion of
Fig., 4=13; séturation has been evident in some imagery due either to inadequate
dynemic range in the electronics prior to the A to D conve:ter or in the A to D

converter itgelf,

Based on the above experience, the instrument dynamic range specification
showld probably be expanded to improve on the ERTS capability by controlling the

output for over-range radiance‘inputs.

£.4.2.3.7 Data Tnterface
In reviewing the instrument -data link iﬁterface with the point design con-
tractors, there was wnanimous desire on their part to redefine this interface
from thailinAthe baseline, This desife was prompted by a number of considera—
tions. |
.l. Merely mounting anﬁther supplier's encoder within the instrument
.did_not gilevia$e the difficult grounding problem associated with'

80-100 anaglog output signals.

2. Maintaining crosstalk and ground loops at a sufficiently low level
to justify 7 bit encoding following an analog interface would also

be difficult if two suppliers are involved.



3. Any synchronous nolse detected in the outpuf would probably not be
detected)until late in the program and it would be difficu;t to
ascertain respdnsibility in this area.

These are very significant technical considerations which involve g =igni-

ficant design risk to the program and the contractors if an anslog interface is

desired between the instrument and the data link.

From the system design viewpoint, a second consideration is worthy of
notice. A higher system reliability can be obtained if the data from the in-
struments do not pass through any common processor elements on their way to

the two independent data ouiputs. the main data link and the LCGS link,

Thus, the concept pf encoding all of the output data from an instrument
into one serial bit stream and then stripping out a portion of the data for

the LCGS user is a poor design from a reliability viewpoint.

A superior design, even at the cost of some prime power, would employ a
separste low speed A to D converter for each spectral band to provide an out-

put to both the main'énd LCGS processing system in parallel.

Following the gbove approach, failure of the main A to D éonVerter cannot
cause loss of the system, Failure of one A to D converter would only cause
loss of one band of data; failure of the main data processor would cripple but
not defeat the system. Failure of one or more modes of the LCGS processor
would cause more Inconvenience than loss since the data would still be avail-

able to LCGS users by alternate means from the main ground station's.

Whether the data emanating from the A to D converters is passed to the
data processors in parallel or serial form is still open to analysis. It is

éolored congiderably by the state of the art at the time of design freeze. 1In

EE



general, the use of a paréllel wire digital interface leads to maximum flexibility
in the data processors, the LCGS data rate need not be synchronously related to
the main data link. It also avoids any data skewing problems whlch mlght arlse
with multiplexing miltiple serial bit streams. However, the wire count at this
interface, through reduced from the analog case, would still be close to flfty
wires instead of the elght or so of a serial interface (1nc1ud1ng scan sync

data).

Tt is recoumended that the instrument-datalink interface occur after A/D
conversion ahd it is suggesteﬁ that é parallel wire interface,_bne.set for
each spectral band, be considered, all other things being equal. This reccmmeﬁda—
tion is made primsrily on reliabilify; data quallty and ease of system integration
cdnsiderations; “

£ 4.2.3.8 Data Grouping _
(see Page 4-h1 for text)
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As indicated above, the linear point design scanners exhibit a

scan non-linearity with time which is a complex fuqétion of the
scanners basic non-linearity and the curvature of the earth. The
scanner error predominates in a 185 Km swath scanner and is on the
order of 3-10 parts per 1000 or on the order of 18 to 60 pixels per
scan. This amount is sufficient to have a significant impact on the

data management system, both from a radiometric and geometric point ;

of view. The error in the object plane scanner is currently larger
than for the image plane scanner, but the error is discontinuous in
the image plane scanner making correction more difficult. Both

I corrections, if done on board the spacecraft, involve a servo loop

with a drift interval during which a correction must be estimated.

Correction of this error requires measurement of the error and

prudence requires transmission of the error signal to the ground

whether or not correction on board the spacecraft is attempted. !
Since the signal will be transmitted in any case and the added |
circuitry is a reliability consideration, the principle correction
procedure should be ground based.

A special consideration applies if the linear object plane
scanner is used in the high scan efficiency mode. The error between

the east to west and west to east mode are not equal or symmetrical,
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sigﬂificant missmatch between adjacent stripes.

the scan mirror motion itself).

implying thet a guick look for LCGS printout without correction will result in
Because of this, the supplier
of this scanner should te encouraged to linearize his scan employing a fail safe

design which does not add additional elements to the data streams (correction of
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7. & 2.4 CANDLDATE POINT DESIGNS
E. L.2.Lh.,1 COMPARATIVE EVALUATION

buring the course of this study, each of the ™ point design contractors developed an

electro-mechanical HRPI point design and provided additional specific data concerning

their ™ designs., Hughes also submitted an alternate TM design based on the results of

their HRPI design. This material provided the basis for a re~evaluation of the sensor

designs. This re-evaluation will be treated along the following topical lines:
1, Volume, Weight, Power, Reliability
2. 8ecan Non-Linearity and its Consequences
3. Scan Rate_Adjustability
L. Scan Efficiency and Buffering (or Spooling)
5, Synchronism of Scan Control and System Clock
6., Offset Pointing Mechanisms for HRPI
7. The Thematic Mapper Radiative Cooler‘

8. The Pushbroom HEPI

3, Wide-5wath Thematic Mappers

10, Prszivle THM-HRPT Conninations

The dizcussion of electromechanical HRPI designs and electromechanical ™ designs is
properly combined here because the individual instrument designers have used the same i
basic optical, mechanical and electronic technology in the HRPI as in the TM. A numver of
efforts in basic scan and detector technology have been pursued which are reflected in :
the latest design proposals., Also there have been very recent efforts to increase the
swath coverage of the TM to satisfy certain user demands. On the latter point neo formal
documentation is available, Therefore, the discussion must revert again to basic technicall

differences in approach to design.

VOLUME, WET'iiT, POWER, RELIARILITY

l}
Tt was somewhat mistakenly assumed during the early Phase A effort that it would be :
| impractical to expand an object plane scanner represented by the ERTS MSS to fulfill the J
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assumption, an early emphisis on the develcpment of image plane dcanners was evident,

Subseguently liughes showed that the maximum feasible aperfure size compatihle witi 2
nutating fiat diagonal mirrer was larger than previously thought, that it was in fact

above 19 inches in diameter,

This result and the results of the image plane scannef studiés showed that both the
object plane and the image plane approach was feasible for the EOS mission, particularly
the baseline situation, i.e., a scan angle of % 6° from an altitude of 915 KM, At lower
miscion altitudes, the image plane scanners find it more difficultlfo maintain the same
ground swath width, i.e., £ 7. s° at 680 KM to give 185 KM ground swath, When the re-
quirements are raised to # 20° or more, it may well be that the SLngle optical head image|

plane scannars have been eliminated from the competition.

Assuming that the pertormance specifications for the ™ or HRPI can.be met equally

well the competition among instrument approaches resolves to one of volume, weight, power
; and reliability. In fact, some performance differences may arise within the range of

i presumably acceptable values, in such areas, for example, as scan linearity. IS is also
true that the competition in volume, weight and power has developed mostly in connection
with a Delta launch, and as of fairly recent date., It is probably fair to say that this
effort is laregely an attempt by the image plane scanner instrument designers to at least
match the first-cut lighter-weight object plane scanners (bdth ™ and electromechanical/
HRPI).

feneral Optical Discussion - At this point the general optical similarities and differ-
ences pertinent to the subjeét of volume, weight and power may be reviewed, The object
plane scanner (Hughes) uses the Ritchey-Chretien optical design with approximately 207.
central obscuration of the entrance pupil by the secondary mirror. It is relatively
straightforward to design a compact instrument around this optically symmetrié system,
Very good yaraxial optical performance out to a large fraction of a milliradian is
available as instantaneous field coverage of the so=called siripe (15 to 60 detectors in
an array zlong flight direction). The use of the object field scan mirror makes it un-

necessary -o go beyond the paraxial coverage. (Fig. L-1ha)

reoolutlon 2nd ‘other perfonmance objectives of the EG3 Thematic Mapper. Recause of this
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The two image plane scanners (aneywell and TF) make “pvc1@1 use af the UncﬂrrPLLed

These spherical surfaces

spherical focal surface of a purely spherical primary mirror.

are concave away from the primary mirror and thus provide a natural match io a rotary

scan mechanism mounted behind the focal plane. By proper scaling, the scanner can be

made to sean the image plane concentrically resulting in an output signal which is tem- §

porally linear with respeét to a flat object plane, Once the exact altitude of the EOGS |

spacecraft is known, the scaling can be adjusted to compensate for earth curvature as |

would result in a perfect output signal with regard to the temporal p051t10n

well, Thics

of the data trae earth position (assuming no pointing error).,

rapsue its

The Honeywell scheme uses an off-axis, and, therefore, conical scan to pick off a

zonal annulus of the sphere, The Te approach picks off a great circle annulus through the

intersection of the main axis with the sphere. Because of the complete lack of an actual

axis of symmetry in the spherical mirror it is still possible to correct to paraxial

tolerances for either the Honeywell or Te approach, The aft=8chmidt approach of a cor-

rector mirror following the first focus is used in both cases. However, in the Te case an .
entrance pupil immobilization device (the ICC) preserves the entire geometry of paraxial

correction, whereas it is only approximated in the Honeywell approach. Consequently,the

entrance punil of the Honeywell instrument oscillates in position with scan angle,

whereas the

A

Uy

ood
lines shown
illustrated

Te instrument pupil does not,

idea of utilization of pupil can be gleared from the entrance pupil out-

in Fig. 4-14b ENTRANCE PUPILS,

in terms of the extreme scan positions,

The rocking action of the Honeywell pupil is
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HONEYWELL
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j{éf“ﬂ:lua' Entrance Pupils
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TE —TM

HUGHES TM

E-18 Fig. 4-1hb Entrance Pupils
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This motion gives rise to an excess projected ares; requirement of 30%-or
more which is reflected in added weight and volume of the instrument. In all
cases there igs fixed obscuration, central in the case of the Hughes and assym-
metric in the Te. Large fixed obscuration tends towerd an inefficient packaging.
partly due to the fact that it is not possible to realize all the light-gathering
potential associated with a given f/mumber of opties. '

Balanced against this trend toward inefficiency in the Honeywell package 1is
the compactness of the  scan vheel compared to the bulk of the Te scan wheel.
The bulk and weight of the scan mechanism in the Hughes scanner also compares
unfavorably with the compactness of the Honeywell scan wheel, but the éffect
here is far over-balanced by the optical efficiency of the Hughes package.

Further revision of design by Te releted to a lower f/number primary

_mirror-and changes in scan wheel placement resvlted in a less efficient-looking
pupil as shown in Flgure h-15 . ' | ‘

The electromechanical HRFL design problem called forth the supreme effort
on the part of all to conserve weight to the point where the instrument could
be comsidered for Delta launch. This effort reflected back into rev1sed esti-
mates of Thematic Mapper weight and configuration which were formalized by Te.
and to a certain extent by Hughes, but not by {oneywell Radiation Center.

The efforts to conserve weight in TM.or HRPI (or both have taken the
following forms: '
1. Proposed substitution of beryllium optics for some glass

reflective optics.
5. Structural light-weighting with some changes in materials
possible; '

3, Proposed increased efficiency in visusl and near-IR silicon
detectors through new detector ard preamplifier technology
and through proposed cooling of both to 200°K.
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in terms of lead time,

the British TI BF 805 FET used with a UDT silicon photodiode.

The actual case may be intermediate.

signal-to-noise ratio in the various spectral bands for the silicon de

The original Honeywell Thematic Mapper Point Design referred variously to
weights of 600 Tbs (specified limit) and 450 1bs. We have been informed by
Honeywell that an extensive study of light-weight posgibilities was made very
early in the EOS program based on the breadboard design. 1t is stated that

detector camﬁined with a cooled preamplifier of specisl design.

the situation then, as now, is that the Thematic Mepper could be a 350 1lb.
jnstrument with all beryllium optics, for example, as we11 as certain other
light-weight structural modiflcatlons. The question as to why it was not
proposed formally as cuch ig answered in terms of funding,primarlly, but also

In a similar vein the Te Company has revieired the Thematic Mépper Point
Design and came up with a much 11ghter welght arrangement with no offset point-
ing capability. a different orientation (see Fig. b 18), anincreased detectxve
efficiency based very largely on the use of' 8 speclal cooled silicon photodlode

ThlS latter suggestion on the part oi the Te Company deserves speclal atten-
tion since the extra burden of cooling the 5111con detector arrays and assoclated
preamplifiers to 200°K is fairly trivial. The Te Company has issued a formal
report on the subject (previously referenced) entitled DETECTCR AND INPUT FET

 CHARACTERISTICS AT RIDUCED TEMPERATURE. It is based upon 1aboratory tests of

It is largely

on the basis of the resultant gain in signal- -to-noise ratlo over. a 300°K

It is to be noted that the other sources of noise do not greatly exceed

the so-called "photon noige" which is actually noise inherent in the
signal. For the 'photon noigse™ limited case the signal-to-ncise ratio

is a function of the square root of the aperture area, whereas for the

electronic noise-limited case it is a function direétlyﬂof the area,

detector-preampllfier that Te proposes lower collecting sreas for the spec1f1ed -

ector,

The improvement can be discussed using data provided by Te for. the "HRPI deslgn
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Table 3 ‘intimates a gain in signsl-to-nolse ratio of 1.6 by cooling to

200 'K. The gain due to changing to the parallel BF 805 FET in the Tirst place

seems larger, about 2.4, Assuming that this special combinétion of detectors,
electronics and cooling provides a 3:1 gain in signal-to-noise ratio fhe im-
plication on sizing of collector aperture is that a collecting area between 33%
and 60% of the originally propoéed area should be adequate. Assuming that the:
figure is about 50% the linear diameter or comparable dimension would only need
'to be 70% of the original. This type of analysis is one input to the evolution
of "scaling factors” which Te has proposed to apply to the original P01nt Design.
Ancther input is the effect of decrease in altitude, e.g., from 915 ¥m to 700 ¥m.
Figure 22 Scanner Size vs*Altitude is reproduced from a Te document. The scale
factor applies to linear dimensions and Table L also'reprdduced from the samé‘
. Te document indicgﬁes that only 450 CM? collecting area is'ﬁeeded at the original
91k Km altitude compared to a scale 1.0 value of 800 af. At the lower altitude
of 700 Km the required collecting area comes down to 293 CM2 ﬁﬁich sccording to
another Te tabulation is that of a Thematic Mapper weighing less than'BOb 1bs.
These analyses are not regarded as yielding anything better than an "educated
guess" at this tlme Flgure h.17 TOTAL SYSTEM WELGHT AS FUNCTION OF SCALE EACTOR
1s also reproduced from Te with the thought that the weights shcwn for 8 scale
factor of 1.0 may actually be more representative of probable achievement.
Tt should be ocbvious that any technological breskthrough of appreciable '

magnitude in this area will be used by other instrument designers competitive

to Te; and that the advantage, if realized, is transitory. The Te Conpany is to

e ey , GRO 'P NUMRAER & NAME Tente i G
i

A\r“;rpAF‘E_:) ny .
H. Hallock /J. Halajian L ) S D LA

F\LV#‘:IQH Dl F

———————

—_—

]
l
i
.

. N _ L
i {mwrsav L 1o ]4 81

*eopr 2PN



Table 3 TM Optimized Scale Factor

A_(Scale = 1) = 800 cm”

_b_ﬂ‘..”l)_ Ac (cmz) Scale Faclor
600 249 | .558
700 293 N 605
717 311 623
800 325 ' 635
9200 336 .548

1000 : 364 675

1100 371 .681
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improvement.

of signal-to-noise ratios at given aperture sizes.

bandwidth.

detectors for reverse blased photodiodes.

be credited with considerable initiative in the exploration of this area of

I3
7

In conversation with Te it develops that the_&pplication of similar electronic
and cooling design to the near infrared and thermsl infrared spectral channels

of the Thematic Mapper show promise of substantial, but less dramatic, improvement

Signal—to-hoisa problems encountered by Hughes in the desigq of the electro-
mechanical HRPI were solved by the use of a mosaic of 270 CCD detectors, 18 in
stripe height and 15 detectors along eéch scan line direcﬁion. These detectors
are used in a time-delayed integration mode thus markedly reducing the noise
Honeywell Raaiation'Center decided t> increase the number of

detectors to 80 per-band (stripe height) and to substitute photovoltaic

Tt is not felt that the CCD technology has been proven completely adequate

at this time for radiometric work. It should be noted that it is considered

necessary by Hup;hes to insert a 3OQ electron ar:ificial bias (The fat zero) to overcomt
noige, It ié équally.true that the new &eteétox-preamplifier technologyrproposed
by Te must be objectively examined. | |

| The general previous and current progress ir solid state detector technology,

particularly in sillcon, seems to obviate the need for the use of photomultiplier

tubes with the complications of high voltage. Ihotomultiplief tubes still main-
tain an edge in performanée in the "visual” bancs (1, 2 and 3) since they are
photoelectron-noise limited. BSince quantum yie]d as well as dark current are

important factors and the gquantum yield in band 4 is much better for silicon
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‘detectors the ‘silicon holds the edge in band 4. It is be

compactness and reliab'llty are factors of sufficient wei

211 the photomultipliers.

gean-Hon Linesrity and Its Conseguences

One of the chief eriticlsms of the Hughes TM Point De

non-linearity of scan
another for re-trace..
in this report under the Support Sunmary have been to the
jinearity can be removed ccmpletelj to all practical purp
design modification. This must be proven in hardware, of
of reducing ground processing,
averhead burden in the data link.

wheel achieves excellent linearity. IT non-linearities d

of components called for.

without thorough {including emvironmentsl) testing.

hut it is not linear in the ordinary sense.

been Further examined by this company as represented in 8

Summary.

~ of HRPI offset pointing data.

theory it would be because of ingbility to maintain the exacting’

Ti«‘AD[ Tlll!‘l’ IilUii’
Wi,

Wns NUMAT I

lieved that silicon

ght to actually supplant

sign has been the double

angle with time - one linearity function for trace and

Statements made by Hughes representatlves and reproduced

effect that thls non-
oses by & mechanical

course. The Te Companﬁ

has emphasized the issué of exacting scan angle linearity with time in the interest
providing good quick maps to LCGS and reducing the

In theory the Te scan brinciple'of the roof

o ensue in spite of

alignment

Again the situstion cannot be completely clarified

The Honeywall Radigtion Center lays clalm to a very unlform conical scan,

The 1mpact on data proce851ng has

report entitled CORRECTION

TO CONICAL SCAN DATA USING A LOW COST GROUND STATION, included in the Support
It is very difficult to gssess the impact of.conical scan on processing

However, a rather subjective judgment at this time
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is that it is not practical when considered against more viable alternatives

in the Pushbroam HRFPI or other HRPFL designs.

Scan Rate Adjustability

The Te Company has been a long-standing sdvocate of in-orbit scan fate adjust-
ment for purposes of accomnodating to the oblateness of the earth and %o errors
in altitude to injection or orbit adjust. Investigation into the lattef orbitel
errors seems to indicate a Vvery small error, not worth serious concern, unless
there is a failure of somre kind. Investigation into earth oblateness errors 1s
based on the well-confirmed flattening of 1/298a5. Figuie L-18 shows the effect
over the COWUS latitudss of interest. The angular rate (V/H) value derived for
. mid-CONUS latitude will not be more than ¥ 1/2% in error for CONUS latitude
extremes, Design for use of TM snd HRPI over the whole earth would dictate
attention to the point. Considering the need for bench adjustment to suip
fabrication tolerances and possible in-orbit adjustmént for partial failures,
it is deemed worthwhile in the Tﬂ to add the capability, however.

In the HRPI with extensive offset pointing, the maintenance of a constant scan
rate will generate overlap ana wasted transmitted information as well as exten-
sive correction at LCGS without adequate facilities. The growth of the ground
resolution element with offset pointing is illustrated in Fig. 4-19 for both the
along scan and cross-scan directions. The growth across scall {so-called low-tie
effect) resuvlts in overlap between stripes.

A growth of 25% (to 1.25) results in an overlap between stripes of 4 IFOV
for 16 detectors per stripe and 20 IFOV for 80 defectors per stripe. In compari-

-

son the earth oblateness (1/2% of error) would result in underlap or overlap
- 7 PP —-‘_:;M e :H_nh:.':
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of only .4 IFOV for 80 detectors. With proper setting of rate of sanes a funcdon of
offset angle the HRFI maps should be directly useful to LCGS although still con-
taining distortion.

The Te Company has.presented its elosed-loop servo control of the scan wheel
in both TM and HRPI'Point Designs. The Honeywell Conical Scanner also has
gimilar potential. However, the use of the conical scan concept for HRFI
will not be gimplified so easily:for the production of useful LCGE maps.

The Hughes Aircraft Co. has not presented in any detail in the Point
Designs for HRFI or for TM the mechanism for scan rate controi of the oscillating
mirror, However, it is understood that formal documentation of a support effort
on this matter is being prepared. In the meantime attention is called to our
support summary quoting Hughes as saying that it is technically feasible over
the rates required without serious impect on scan linearization.

One consequence of incorporating an adjustable scan rate in the TM and
HRPI designs is that it permits flexibility in the choice of orbit altitudes.
If the advantsges of a change in altitude become apparent after the fabrication
is st#rted the change is still practical.

Scan Efficiency and Buffering (or Speoling)

The only scan technique which can yield a perfect (or 100%) duty cyele is
the electronic scan (e.g. pushbroom). The duty eycle in the MSS is about L5%
becguse the scan mirror is not used in re-trace to generate dagta. This low
duty cycle has the effect of adding communicetions burden in terms of peak bit
rate, On the proposed Hughes TM and HRPI the use of re-trace will bring the

duty eycle to about 85%., Since the residual 15% is not fully required for over-
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head the pesk bit rate could be reduced by buflering.

The Honeywell S5-192 scammer oﬁ SKYLAB constitutes a space precedent fo
the use of buffering for this purpose. Honeywell has not préposed it for the
T™ or HRPI Point Desiéns becaunse it appeared unnecessary under thé develdpment
guidelines. | |

The Té Company has difficulty reaching even 7h% with the  roof wheel
approach. It turns out that a more compact package can be designed by
sacrificing scan efficiency. Buffering assumes more importance in this case.

_Therefore, the Te Comﬁany has treated the subject more than Hughes or Honeywell.
Fig. 4-20 is reproduced frﬁm the Te HRPi Pocint Design Report. It shows the use
of integrated circuit_ramdom access memory modules for simultaneous read-in

and read-out. Under fhe support arrangement Te was asked for an estimate of
weight and power for TM and HRPI. The answer (by telephone, to be confirmed)

was that 25 1bs, 35 in.3 and 6 watts form the logistics for a C-MOS System.

' Costs are admitted to be high.

The Honeywell Radiation Center was also queried én this point in view of
SKYLAB experience, A preliminary estimate on weight alone was 30 lbs, A
point on reliability was made by Honeywell Because of the 1arée number of parallel
lines required (as evident from the Te schematic).

In all fairness the "compact" Te designs should probably consider an extre
30 1bs for buffering (Qf spooling és it is called by Te). However, & very
beneficial effect would enéue for the commnications end data system in general

if this buffering were to epply to all designs.
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Synchronism of Scan control snd Deta Flow with System Clock

Wlth fixed scan rate there is minimum difficulty in synchronizing with the

system clock, although the clock frequencies usually mentloned are not high énough

to provide direct control of the A to D conversion, The exactitude of scan .
control required necessitates a high quality frequency converter gnd firm locking
@ ‘to the master clock dictates cammon harmonic- relationships for locking comparison
at discrete frequennies; Veriable rate control, as advocated particularln for
HRPI, carries the implicationdthat this locking at 615cret§ frequencies may

. become & substantial task,

The Te Company has been the advocate of adjust&ble scan rate and Fig. L-21

is reproduced from the e HRPT Point Design to illustrate the modified phase-
lock loop which was proposed, 1t will be noted that there is no ciosed loop

shown with the master clock itself in respect to the frequency multiplier.

The importance of the locking probably depends strongly on the reliability
of the "fregquency multiplier". It is apparent also that the change in scan rate
control may upset the reletionship between the output of the scanner and the

"MOMS" eontrol of A - to D conversion and multipiexing. This is particularly

true for the HRPI where we may be dealing with the possibility of a 2/3 nadir

gcan rate at extremes of offset.

"No schematic of this adjustable rate control is presently available from

Hughes, although the matter has been discussed on the telephone, As presently

understood Hughes is proposing essentially open~loop control of the scan mirror

simply by furnishing a varisble pulse rate to the usual mirror control mechanism,
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Presently Hughes has no continuous encoder to propose {in line with the optical
encoder on the Te scan wheel) although the statement ig made that one is under
development. On the other hand it is understood that Hughes 1s proposing essen-

| tially closed loop controi of frequency changing by providing harmonically_related
pulses for feedback comparison to the master clock.

The matteér of how tc¢ handle the correlation of A —.to D conversion with the
varisble scan rate has been discussed with the Te (ompany, and a possibly viagble
sugge%tion ensued. If the number of semples per specified angular IFOV in the
analog data is allowed to vary in inverse proportion to the scan rate a Fixed
frequericy of conver51on can be used for both TM and HRPI, and therefore, a fixed
frequency interface with "MOMS" can be preserved. Put another way this means
a variable angular "pixel" size along the scan direction. However, the variébility
for the TM would be minimal since it is not anticipated that ordinary circumstances
(e.g.,-good orbit control) would neéessitate chaﬁging T scan rate. TFor example
this could be designed and held very close to 30 meters resolution at any given
gltitude. The variability normally expected for HRPI, however, would result in a
variable sampling angle projected on the ground as a function of offset angle.

Up to 1.5 samples per HRPI IFOV angle would result at 45° offset. This could be
used in the direction of preserving cross track (along scan}. ground resolution
at the expense of signglFto-noise ratio for eﬁch saﬁple, althoﬁgh‘not affecting
the overall signal-to-noise level for the'radiametric map as-re-constituted on
the ground.

The‘buffering system chown in Fig- }4-20 was designed for filling gaps in

esch scan cycle rather than providing storage to accommodate changes in the
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number of scans per unit time, Tt cennot be uzed to accommodate to changes in
geen rate. However, the suggestlon msde here would help implement the scheme.
The Control over the A-to-D converter would be a rather direct function of the
gspacecraft master clock, as would the control over read-out. Vice-verss the
buffer storage probsbly could provide a cushion for minor delays in the datas
syatem. Certainty of accurate retrieval of ground dats should be increased.
It should be noted that the suggestion is in the directlon of simplifi-
cation of data handling especially for LCGS. The ground scaie slong scan
(eross-track) is determined in the individual pixel, whereas the ground scale
in the cross-scan (along track direction) is preserved in the height of the
gtripe, Tt is true that the swath width on the ground (cross-track) would be
varlable with offset,but this is not serious and was anticipated in any event.
‘ The still un-corrected gemmetric distortion in the HRPI data is illustrated
in Fig. 4-22

There naturally has to be some recording and transmission of secan control

data (zlong with the A-tu-D control) to properly identify the data. In the
case of extremely linear scan (possibly Te) the recording is minimal, but for
non-linear scan sufficient points must be recorded on the time base to identify
the function campletely.

Offset Pointing Mechanisms for HRFPI

incorporates & L45° mirror for optical folding to implement this capability, thus

At this time the only HRFI design suggestion (or Point Design) which retains
the original concept of an internal flat diagonal mirror is the Te electromechanical

HRFI. The Hughes electromechanical scanner HRPI is rotated as a whole. The design
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making it close to & "eube" packsge. The Honeywell HRPI proposal. involves rota-

ting all parts of the sensor except the primary mirror. Without rather exceptional

pre-loaded bearings the focus vould not remsin constant at the detector plane. !
However, it is stated fham tolersnces can be held, The Westinghouse HRPL rotation
a8 shown in this report is whole-sensor about the optical axis.

. The possible advanteges for the Te HRPI in this respect is the slewing speed.
Without internal momentum compensation the mirror can be offset 45° in 1.5 minutes
without serious impact on the attitude control system. The angular read-out
capability should be at 1east equal to any other although the Te HRPI Point Design
does not deseribe the encoding process.

The Thematic Mapper Radietive Cooler

Originally the Hughes TM deslgn alone gave comprehensive coverage of design
of the radiative cooler. Honeywell. Radiation Center proposal includes an A.D.
Little radiative cooler at present. The Te Company originally treated the cooler
ag possibly GFE. Honeywell has supplied by short memorendum certain amplifying
details including the sensitivity of performance to lsunch time-of-day. The Te

Campany has supplied a design concept entitled THEMATIC MAPFER RADIATION COOLER

which it is claimed will provide adequate detector cooling between 8 AM and b4
PM orbits, Back -reflection of unwanted radiation and vignetting baffles are
wtilized to maximum advantage. Analysis of the presence of solar arrays in

the field must be performed, but as yet has not been accomplished. The design

concept appears to be important.

The Pushbroom HRPI - Fig. 4-23 shows a hypotheticsl Pushbroom HRPI in a whole-

sensor gimballing configuration for offset pointing. The resemblance to the
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Packaging of the fhighes HRPI in a cradle is purposeiul at this time since aﬂ

estimate is on hand for this type of mount and control of a similar package
After discussion with Westinghouse a weight estimate of 250 1bs for the sensor
ig offered. The sensor includes & fixed h5° diagonal mirror as shown. Using
the Hughes estimate (approximately) of 70 1ba for the cradle structure and
drive a totai of 320 1bs is arrived at. As nearly as we cal determine at this
time the scanner will offer signal-to-noise ratlos which are equal to, or slightly
better. than the electromechanical HRPI configuraticn shown By Hughes, which is
also based upon self-scanned arrays although CCD-tyre in the Hughes design and
digital-type in the westinghousé design. |

I+ is of interest to compare the use of these arrays in the pushbroom and
electromechanical scanner. At a rate ‘of 6790 meterc/sec the 10 meter ground
element is traversed in 1.48 milliseconds. In order to avoid impairment of
MTF by convolution with_ image smear MTF the integration period may be
restricted to .15 milliseconds. For a L4800 detector array with stripe rate
adjusted for cdntiguity the noise bandwidth would be the same for 48O detectors
working full time. This compares to 270 detectors in the Hughes oCD matrix of
the delayed integration HRPL scheme. Assuming ecuality in performance between
the Hughes CCD matrix and the Westinghouse arr:ys,tte signal-to-noise ratio for
equivalent optical performance should be slighily better for the Westinghousze
Tushbroom. A camparison nas not been attemptec, but could be performed on thg
basis of the optics of the Westinghouse Point Iesiér.

On the basis of data Turnished by Westinghcuse, however, it sppears that

noise superiority cennot te claimed by Westinglouse over the Hughes CCD detectors.
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‘However,.there are probably inherent spectral uniformity advantages in

the Wectinghouse-Lype detectors as illustrated in Fig, h-éh. The Westingh&use_
| data on their arrays has been repurted as follcws'
In Band 1 (.5 pm to .6 ) the input to cells ,0009 in, x . GOO?'ln requlred
to equal noise 1evel in HRPI operation is 1.3 microjoules/meterza At a quantum
yield of 6 photcelectrons per 10 vhotons this is equivalent to saying that the

‘charge input to equal noise is 670 electrons. -

Wide Swath Thematic Mappers

LS

While no formal document@tion is available at this time to CGrummen. efforts
have been followed with Hughes?.aneyweil énd Te to arrive at M cpnfigu:ations
for 300 Kkm Lo 400 Km swath. The resulis geem t§ be aboul as folloﬁs:

As indicated previously in this report, the llughes Object Flane Scanner T™
approach lends itself to wide angle scan easiest of gll, For coverage of 320
Km the ™ + 7.5° mist be cnlarged to * 13.2° referred to nadir.To cover 500 Km
the angle must be still further enmlarged to + 20°, The angular excursion of the
scan mirror remains at ressonably modest values of * 6.6° for 320 Km and i 10°
for 500 Km, Without chahging the number of detectors per stripe height the noise
bandw1dth increases by a factor of about 1. 8 for 320 Km and about 2. 7 for 500
Km. If the rumber of detectors is changed in these proportlpns, respectlvely, the
noise bandvidth stays the same and the system performs as.well as the Point Design
™. The mirror conirol, ineluding linearization of SCan; is not beyond thé techniéal
bounds already considered”by'Hughes, including recessary changes, if any, in mirror

oscillation rate.
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roof wheel was evolved.

swaths, onecoming from eech pupil half.
resolutlon over 490 Km swath could be accomplished about 500 lbs. weight and

Vwithin an envelope of 40 in. x 36 1n X 72 in. The orlentation must be similar

to enable 1ncorporat10n of the dlagonal mirror,

pupil half a portion of the diagonal mirror is loca‘'ed.

“photodiodes and cooled parallel/FET preamplifiers.

The Honeywell effort to reconfigure within the 36" x 72" TM envelope for
500 Km, 30 meter resolution proved unsuccessful, it is understood a 600 1b

instrument cspable of 50 meter resolutions within this envelope sppears to be

This includes use of doubl: entrance pupil.

The capability of perfor— "
mance within this limited envelop depends strlctly on the achievement of

close to pheto-electron noise limited performance from cooled silicon

Te Company has advised that a new design concept for utilization of the

In each

The portion in one
pupil is oriented at & slight angle of inclina:ion o that in the other half.

|
E
i
This feature, 1s said to enable the scanner tc splice together two separate !
' !

It i=s precicted by Te that the 30 meter

i
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There is a design trade to be made with regard to the method of spectral

~and separation. In all three ™ point desighs, the thermal band (7) is

separated spatially in the focal plane from the other bands.

point, there are basic differences.

Beyond this

The Honeywell design employs & spectrometer behind a single aperture

stop to generate signals for bands 1-6 which are all in perfect registration.

The Hughes design employs a relatively small assembly éf prisms and

apertures in a single masxk to provide & fixed spatial separation which can

easily be accounted for in later data processing. Hughes, a&s a result of

their FRPI point design efforts, has also proposed the use of a single

photo-detector assembly for bands 1-4 which would be fabricated on a single

integrated circuit substrate resulting in minimal mechanical complexity and

excellent long term registration. Furthermore, the design provides a charge

coupled * device {CCD) of about 18 elements in place of each individual detector

of the conventional design. These individual elements are illuminated in

_sequence by a given ground element and by accumulating the charge generated

from each element related to a given ground element by time delay integraticon

(TDI) a gain 1in S/N of about bx is obtained.

The Te design employs a spectrometer similar to Honeywell.

From both & mechanical complexity and long term stability point of view,

the TE design appears least desirable.

PREPARED BY GROUP NUMBER 4 NAME

DATE

CHANGE
LETTER

REVISION DATE

APPROVED BY

page bL-1D2

LYY AR



GRUMMAN

TRADE STUDY REPORT

NO

LTBS NUMBER

Mrle . 7 ' T T T —lTRADE STUDY RERPORT

. The Te and Honeywell desighs are clearly superior from the stability ot

registration point of view.
The Hughes design offers besides simplicity and good long term stability,

 growtr potential through the introduction of & CCD/TPI array et the focal plane

wgac 27

to provide increased instrumeﬁt sensitivity. An area of considerable concern as
a result of the point des1gns, there is & general belief that higher /N ratios
should have been required at the low irradiance limits spec1f1ed to the p01nt

design contractors. The CCD/TDI technique colld easily provide this.

E, ,4,2.4.2 Comparative Evaluation of TM

Figures H-éﬁlfhfﬁugh L-27 illustrate tﬁe three ™ configuratiéﬂé
examined in greatest detail (several earlier designs are obsolete). The Hughes
versicn shown it & alternative of their HRPI cesign., It employs s folding arrange-
ment whichk leaves the main teléscoPe aligned *o the flight vector,

The Honeywell unlt also exhibits this (verall alignment. These designs

were carried forward to mllow interchangability in the spacecraft design until

actual scquisition of one design as the flight instrument freezes the configuration.

The TE design employs a transverse package which may be difficult to get
onto & Delta launch vehicle when finally developed. rTherefore, packaging of this
unit in our spacecraft designs was not streSSed - ‘

None of these versions include mechanical offset po;ntlng but emphasizes
1owest weight achievable within the specification.

Figure 4-28 illustrates the expected 1nstrument welghts 88 furnzshed to us
by the vendeors (under 'a variety of confllctlng ground rules 1nvolv1ng fllght welght

optiors, titanium vs eluminum structure and the uses of INVAR) and our. estlmate

of the weiglits to be expected of the units without incurring large cost penalties.
The trends clearly show the weight growth witl. altitude and the advantage of

the otject plane scanner at lower altitudes where a wider scan angle is required.

At the 680 KM altitude, all of the instrument types could be flown on the Delta

Figure 4-29 éfteﬂpts to estimate the relatlve coat of the various -

o
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considerations.

area.

E. L4.2.4.3 Comparative Evaluation of

! . (efter weight vs altitude) in the instrument area.
é; rapidly with swath width, particularly in the absence of the HRFI on early flights. |

HRPT

tating telescope used to obtain offset.

with the corresponding TM design,

spacecraft (an interface cost penalty).

NG

S e s
wWas NUMBELR

TRADE STUDY REPORT

o |

Figufe h;go' exhibits the significant improvement'in-sensof performance
achieved in the TE design through cooling of the detectors in the visual band.l Thig

Teature is employab;e in all of the'designs and has been assumed in ail other

?i?ufe h?3i' ecnsaders what is probably thé second most impar tant trade ;

The utility of the TM improves

Shorter repeat cycles are the principle adventage with more timely stereo coverage

being bonus. Note the significant advantege of the obJect plahe scanner in this

Fiéurerh:32 through 4-36 illustrate the various HRPI configurations
supplied as & result of the point design and support contract efforts. =~
The Hughes design is identical physically to their TM design except‘for

instruments based on their current state of development and the relative difficulty

elimination of the cooler outer cone. The unit is gimballed about its roll axis

by means of a towel rack which is integrated into the vehicle support structure. . ;
The Honeywell design is mlso virtually identical externally, except for a . '
) . . |

larger aperture on the nadir side. This is needed to accombdate the internally ro-

This design employs about 60% commonality

The TE design is basicaliy the same ms the TM physically except for fhe

addition of the pointing mirror and consequent rotation of the package 90Q on the
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The Westinghouse pushbroom all.electronic HRPI is expected to taﬁe the
form illustrated i.e, using an external axle to rotate the entire packege. The
similarity to the Hughes package is large. |

Note that three of the four designs can be considered physically 1nter-
changable as far as the spacecraft accomodaticns are concerned. Only the TE

package is unigue. :
Flgure h 37 “illustrates the expected welghts for these varlous des1gns'

“as & function of altltude (+3O saan), here again the object plane scanner &pproech

is the 1ightest of the electro-mechanical units, only the pushbroom HRPL would ‘be

lighter, and simpler. ,
Figure 4-3% provides a course indication of costs for several of the

designs based on data supplied to us. It would be expected that the Honeywell

design would fall between the Hughes and Te approaches.
All of these designs could be employed on the Delta vehicle at the 680 Km

altitude. !

E. 4.2.5 Preferred Baseline Design

Many considerations must be evaluated in defining a preferred point design and

gseveral levels of definition are involved

During the course of this gtudy, several point designs evolved which are signi-

ficantly different from those specified in the original work statement. Furthermore,

the requirements of the program expanded particularly with regard to ground coverage

(500 ¥m vs 185 Km).
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The preferred poiht design configuration is based primerily on the following
considerations: . 5
1. Overall instrument ceapability
2. Performence growth
3. Previous hardware quelification
L. Development risk
5, Simplicity of interiaces
6. Compatibility with mission options
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7. Cost

TﬁeApreferred configﬁiatioﬁ'fo} both the TM snd the HRPI is an'oﬁiaxis
telescope design with the optical axis ﬁarallel to both the flight and lauch
vectors employing an object plane scanner based on a nodding mirpor.

The preferred aperture for the 680 Km orbit is 40.5 cm to make maiimﬁm'
use of’similar design hardware and to insure adequate S/N ratié performance'
with solid state»detecﬁor technology, _ .

The preferred mechanical design of the HRPI (Figure L4-46) consists of aﬁ
L-shaped cylindrical package mounted on an axle'&t the CG providing pointing
perpendicular to the flight vector of up to jﬁoo when required. The support
.;}Wthéiailé at one end includes momentum'compensation'mechanism as well.
ag & redundant indexiﬁg mechanism capable of providing EO'increment pointing

and a maximum time to point of twenty (20} seconds including any settling time.

hoiz1



This configuration is shown in Figuréwh-gg wherein the supporting framework -
is attached through lstches to the vehicle when required for resupply purposes,
and provides mounting area for the necessary electronics packages;

Figure L-bo illuétrates the preferred T™ design,lwhich is the same aé for
the HRPI with two principle exceptions:

1. The'éxle'is omitted and the package is supported at the space-

craft end by a single thrust pad at the axle (CG) location and
by two points at opposite sides of the opposite end in a deter-
minate configuration..

2, A low tempersture cooler, 100°K, is provided to provide the

necessary operating temperature for the thermal deteétors.

The size and weight of the TM with respect to the spacecraft, and the
ceriticality of optical aligmment internal to the telescope and with respect
to the vehicle indicate a three point mounting of the instrument different
from that called out in the point design specifications is desirable. A larger
separation between the mounting points is desiragble from both an alignment
and vibration point of view. Elimination of structural stresses induced into
the instrument calls for a determinate mount, a configuration in which no
stresses can be introduced into the instrument from 1ts mounting structure.

The preferred design also has provision for mounting and aligning
a fixed head star tracker directly on the ™. By employing such g configuration,
it is possible to uncouple the vehicles struétural stability from the instrument
bpointing accuracy equation without causing any operational or other deéign
difficulties, particularly if the star tracker cqmmunicates-with the on board

capputer by megns of the ™M telemetry and command encoder.

L-122
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E; 4,2.6 Optimized TM Configuration
During the-prebeding évaluation's, it became quite clear that the baseline
™ performanée was underutilized from the syétém-point of view, gcanning as-it.
was only a *5.5° field at 915 kilometers altitude. | |
As the system désigﬁ progrgsse&,‘the optiﬁum altitude was lowered to-
680‘kilometers.résul£ing in a scan angle of j?.?o for a fixed 185Akilometer
swath wdith. This-angle began to challeﬁge the image plane scannér;'but had
little effect_on the 6bjéct7plane scanner.
In fact the object plane scghner mirror was oniy nutating over one half
thié angle orlf3.90, an almost un-noticeable range, Clearlf the utility of
the design could be raised considerabiy by increasing therscah angle.. This
woﬁld provide three things: |
1, More timely COVerage of a w1der area.
2. A hlgher repeat  frequency for a 51ngle vehlcle system at a‘
given a.ltitu.de.
3. A shorfer time before revisit in the CONUS 1éfitudes.
In addition a greater degree of stereo coverage would be available in a giveﬁ-
.time interval fof whén the ground processing system begins trylng will produce
maps of area of rough terrain whefe local ground elevationsg will be neededé
'u 2.6.1 Swath Width |
As showm 1n the orbit altltude stud1es, the next logical swath w1dth was found
to be 330 kilometers, j;3.7 . For the object plane scanner this angle
{the mirror operates at_oﬁe-half_of it) is still emall and there is.a negligible
weight or size growth to provide this capability. What is involved is a minor
change in the stray light baffle and a l2%cm increase in the distance from the

main telescope to the scannlng mlrror, as shown in Flgure yo hl
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E-42 ' Fig. 4-b1 Optimized TM Configuration
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The incresase in.Swath width at the same ground resolubion does involve a
growth in output data rate and a worsening of the bow-tie problem

The data rate requlred is now handled by employing more detectors., During

the early EOS missions where a HRPI is not planned to be carried anyway a regfouping

of the data interface is used to accommodate the higher data rate over the same data
link. In this case, bands 1 to U4 are transmitted at a total data rate of sbout
‘ _ , : . S
70'megabit5/seCOﬁd on the in-phase channel of the quadraphase transmitter and .
channels S to 7 and the synchroniiation and housekeeping data also at a total. data
rate of 70 megébits/seb, are transmitted on the quadrature channel. l |

The bow-tie effect is still well Within.reasoﬁ as shown in Fig, 4542, amountiﬁg
to an overlap of less than 6 meters at‘the edge of fhe fieid compared to contiguous
caverage in the'genter. | | .. |

The use of additional detector calls in an optimized scamner 1éav¢s'ﬁﬁe”sc§n
mirror veloclty unChaﬁged and the scan angle incredsed resulting in a loWér scan
mirror frequency. This frequency would be approximstely 2/3 of the baseline fre-
qﬁgncy or gbout 5-3/h.cyc1es per second. No significant difficulties are expected
in syétem design due to this lower scan frequency, in fact most of the ﬁertiﬁent
distortions and vibrations are reduced with a reduction in sean frequency.. |

The effect of the atmospherlc path is still negllglble for scan angle
chenge from * 7. 7° to + 13. 7° and no correction for sun angle change w1th1n the
scanned swath is deemed necessary.

Therefore an optlmlzed ™ for the FOS mission is characterized as a 16”

perture obaect plane scanner aligned with the telescope parallel to the fllght

vector, weighing approx1mately 350 pounds, and scanning a +13.7° fleld. The
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unit provides a total‘output data rate of 140 megabits per second divided into
eight channels, or;ef,for each of the spectral bands plus s synchronizétion channel,

When flown at 680 nautical miles, the unit provides a 30 meters ground
resolution at the signal to noise ratio and radiance levels of the point design
spedification.
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:
4.2.6.2 MSS + HRPT EMULATION - )

During the early EOS missiqns, there is a need to provide s backup for the
ope}ational MSS. Furthermore, it would be useful to evaluate the desirability of
the HRPI concept. The §GVanced ™ developed ahove along with_thelon-board data
processing équipment releted to the LCGS provides a unique capability in this area.

By proper selection of the data output options from the instrument and data
processor, the following capabilities can be achieved.

1. A complete and faithful emulation of the 5 band MSS.(either

standard or wide format) for transmission to DOI,

2. A pseudo HRPI signal providing a 30 meter resolution over a
continuously selectable 35 kilometer swath of the total 330
kilometer field of view.

3. The prescribed selection of LCGS outputs.

" Any one of thése signals can be made available at the data processor output
simultaneously with the normal 30 meter resolution output. They would be trans-
mitted over the LCGS data link to DOI or other user as appropriate.

' Thus a full MSS backup and a pseudo-HRPI capability are achieved at minimum
cogt and complexity. 7

When flown at 680 ¥m altitude, it is currently planned to maintain the

MSS resolution at 80 meters IFOV.in order to maintain the output data rate and
groﬁnd dats formatting unchanged. Using the current 1.5:1 sample ratio on the
MSS, a system field of fiew of 100 meters is obtained for the MSS at an in scan

sample size of S4 meters.

If the TM specification is adjusted only slightly, to a cample size of 27
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|

meters iﬂstead of 30 meters, and the detector cell size increased pfoportionately,
the TM will still provide a system FOV.of 37 meters while delifering an output
da,ta stream which can eas:Lly be processed to emilate an M3S.

Spec:.flcally, every palr of samples from the ™™ would be summed and divided
by 2 to obtain the appropriate along scan sample size and then the values obtained
from eaéh group‘of three detector cells would be summed and divided by 3 to provide .
an 80 rﬁ'ei:er sample i.n the cross &can direction, this is il;ustra.ted'in' Flg Yooy :
(If 18 detectors afe used in the TM, thié results in a 6 detector equivalehﬁ output
idgntical to the MSS). The ieast significant'biﬁ of the 7 bit code of the ™

is deleted to form the 6 bit MSS emulation code.

As mentioned earlier, by employing an object plane scamner as the basic

design, a HRPI can be obtained as a minor modification of a production TM. -Such

a change involves: 1. A change in the sensor array to achieve the desired
resoluticn.

2, A change in the scan mirror rate and scan angle.
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3, Mounting of the entire unit on an axle

development if provided for in advance,

4.2.6.3 Growth Potential

scanner offers two further features:

8:1.

the individual detector gpproach.

has on many occasions been corrected to achieve this field of

4, Deletion of the passive cooler for vands’ 5 through 7.

5. Minor reharnessing of the detector amplifier assembly.

1, The ability to incorporate short CCD arrays in the focal
plane and employing delay integration ot achieve increased

S/N ratio data or lower minimum radiance levels of about

i

-

" These changes can be accomplished at a minor cost compared to a new instrument

As a product improvement during the life of the program, the object plane

_ 2. The ability to incorporate long CCD or'éimilar electronically
scanned érrays in a pushbroom mode of operation by disabiing
the scan mirror. Assundng.the state of the art.is raised tb
that expeéted before implementation, the gxpected performance

improvement in minimum rediance level would exceed 100:1 over

The conversion to a pushbroom instrument with the field of view of the
HRPI (+ 2°) would actually require replacement of the focal'plape sensor package
by a new package including not only the pushbroom sensor circultry but also a
field corrector element to achieve adequate resolution (MTFj.over the requireqd

field. The Ritchey-Chretian optical configuration, most likely to be used here,

I

view,at much higher
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7o

MIF than required herg,for film camera applications.
Alternately, if the above correction appeared too expensive, a Schmidt
corrector assembly could be considered but this would probably require refiguring

of the main optics.

M.E.é.h Summary

In summary, an advenced TM has been defined which:

Provides a 3:1 improvement is ground resclution ovér the
ERTS program and a significantly better repeat frequency.
Offers a utility and cost effectiveness of 3:1 or
grester ovef the baseline

Offers g complete MSS emulation in order to backug the
MSS during early missions

Offers o pseudo-~HRPI ocutput simulitaneous with its normal

output for development of the HRPI concept and/or requirement.

Can be modified in production to obtain a flight model HRPI
at a nonreéurring éost of about % the recurring cost of & TM.
Offers a growth potential in minimum radiance requirement for
adequate data quality of from 8:1 to 100:1,

Can service a large variety of LCGS users with various

cutput data formats.,
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Purpose:

'To determine the level of ACS pointing and stability mccuracy and its asso-
pinted grourd processing requirements which result in the lowest total program

cost.

Summary:
The objective of the ACS/CPF(Attitude Control System/Central Processing

1

 Facility) tredeoff is to determine the performance requirements for the ACS which

result in the lowest program cost, where the program is a selected schedule of
missions and the cost is computed for the ACS plus the CFF. -

ACS/CPF costs have been computed for a matrix of twelve combinations: four ACS
performance requirements for each of three programs.

For each of the three programs, the ACS performance requirements resulting in the

lowest ACS/CPF cost was determined.

Conclusions and Recommendations:

The ACS configurations resulting in lowest ACS/CPF cost over complete mission
programs are the baseline (:_ 0,01 deg accuracy, +10~ deg/sec stebility) and low-
cost (+0.05 deg accuracy, + 5x107° deg/sec stability). For the projected ECS
Missions consisting of A (MSS, TM, DCS, EROS), A' (MSS, TM, DCS, EROS), B(TM,

HRPI, DCS, EROS, C(2 T, HRPI, SAR, DCS), D{SEABAT B), and E (TIROS O}, the

stipulated experimegt pointing accuracy and stability requirements are Q.01 deg
and 2 x 10-6 or 10-0 deg/sec, except for SEASAT B, which is either 0.01 or 0.1
deg pointing accuracy. In addition, the requirements for synchronous altitude

‘missions are expected to be more stringent than those at low sltitudes; and’ the

solar maximum and possibly other inertial~-type missions could require 0.0l deg
pointing accuracy and 10~ deg/sec stebility. Thus it is important to have as

high a performence as possible to attein flexibllity for meeting varying mission
requirements, while simultaneously minimizing cost., Thus it is recommended that the
baseline ACS configuration be used since a significant increase m flexibility '
is obtained at no sdditioral cost. ‘ :
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Cost and Performance Dats Summary:

~ The preferred ACS performance requirements as s function of discrete velues of
ACS/CPF progrem cost is given in the Table below.

PROGRAM ACS /CPF PREFERRED ACS PERFORMANCE REQUIREMENTS
cosT Attitude Accuracy Angular Rate Accuracy
. $ M deg deg/sec
1 8.4 +0.01 ¥ 107
2 20.2
3 40.9 J . : g

The curves of ACS/CPF cost versus ACS configuration are shown in Fig. 6-1.

6.1 Assumptions

e Three program mission models
- Tsunch date, missions, and types of instruments

Three programs (low-cost, baseline, and expanded capati lities) for both a de-
velopment phase (1979-1983) and an operational phase (1983-1990) were constructed
and are summarized in Tebles 6-~1 and 2., The tables show the times at which a
gpacecraft is launched and its operation terminated,its mission, and the types of

instruments aboard.
- Instrument data rate and volume

Tables 6-1 and 2 also show the data option used as designated by the letter
A Bor C and defined in Table 6-3. Fach date option has the seme instrument set,
™ and HRPI. The veriation in the data transmission results from the use of
either Direct Data, Direct Date plus Wide Band Videc Tape Recorder, or Direct
Date plus transmission via the Telemetry Data Relay Satellite.
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o Errors ln ACS, Ephemeris, Instrument, Inatrument/AC Alignment ,
Earth Model, and Final Plxel Location

Assumptions for errors are given in Table -l The final error

for pixel location is specified to attain temporal registration.

The three sets of ACS errors describe the ACS performance requirements.
Corresponding to each of the three ACS performance requirements and

'to0 the fixed errors in ephemeris, earth model, and transfer aligmment,
there is a CPS which is capable of achieving the specified pixel locatlon

error.

6.2 . Configurations and Costs for ThHree Types of ACS with Costs Computed
over the Three Programs

Corresponding to the three ACS performance requirements as given in

Table 6-4,  three ACS configurations were constructed as shown in
Table &-5, . The hardware costs for the three ACS configurations
are shown in Table &-6  on & component and spacecraft basis. The
manpower costs for these three ACS configurations are shown in Table )
6-7 . The hardwere and manpower costs are combined as showm in
Table 6-8, The number and type of spacecraft in the three types
of spacecraft are shown in Table £-9, Using Tables = #-8 and 9

the ACS program costs were computed and are summarized in Table 6-10.
The results of Table. 6-10 are plotted in Fig., b-2.

The ACS weights for three ACS configurations are given on s component
basis in Table 6-11  and on a component and spacecraft besle in
Table 612, The results ‘of Tables 6-10 and -12 are plotted

in Fig., 6-3 to relate ACS program costs to ACS hardware welght for
the three programs and the three ACS configurations.

6.3 Configurstions and costs for three ground data
processing systems gorregponding to the three
types of ACS with costs computed over three
programs '

6.3.1 Cost per scene for correcting themstic mapper images
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1. Introduction

The EOS {EARTH OBSERVATORY SATELLITE} Satellite will contain scanning type
sensors that collect and return to processing stations digitel image data in
severgl spectral bands, The thematic mapper (TM) is one of these multispectiral
sensors and this particular instrument covers six visible and one IR band with
a resolution of 30 meters on the surface of the earth, in its visible bands.

For satellites in near-polar orbit, so that ground tracks of the S/C are approxi-
mately north-to-south, the scanning of the earth is geccomplished by rotating a
mirror in the west-to-east direction. The light reflected from the earth (for
the visible bands) is collected by a bank of N contiguous detectors {aligned
approximately north-to-gsouth) so that N scan lines are collected during each
sweep of the mirror. Typlcally, each sweep covers a 185 Km swath (east-west
dimension) on the surface of the earth., Scanning is precisely synchronized

with §/C velocity so that adjacent sweeps are exactly contiguous. During each
sweep, the light detectors in the sensors are sampled at equi-spaced time inter-
vals (equal-time or ET sempling) so that a TM scene can be thought of as a digital
image made up of 8633 pixels(p%cture elements) in each of 6166 lines, The image
comtaing approximstely 53 x 10° elements where each element is a 6-7 bit word
(signifying one of 64 or 128 brightuness values).

Several factors contribute to geometric imperfections in the images col-
lected by the sensor asnd, although our primary concern here is with S/C sttitude
errors, it is necessary to mention some of the other sources of error so as to
put ALS-esused errors in proper perspective. The ultimate use of the sensor date
is to produce photo maps, typically on a scale of cne-to-one million, of a 185 by
185 ¥m scene viewed by the sensor. Such a map, which may be in the form of a
digitsl tape, will have ite individual lines precisely aligned with lines of lati-
tude on the surface of the earth, and the rows of pixels will be precisely aligned
with lines of longitude. A slight west-east scale expansion will be experienced
if s U™ (Universal Transverse Mercator) projection is used to map the earth onto
a flat surface.

If one envisions the earth as heving latitude and longitude lines painted on
it and then considers how this "grid" is viewed by the sensor, it is clear that
the grid will not appear rectangular, or regular, to the sensor. First, the S/C
orbit (which is selected to be inclined slightly from a polar orbit) does not allow

the S/C nedir point to follow a north-gouth line (a line of longitude). Even if the

S/C were in a true polar orbit, the earth rotates under the scanner so that in the
27 seconds required to collect a scene, a skew wowld be imparted to the grid.
Finglly, even if the 5/C orbit, pointing (attitude), and the sensor scanning were
perfect, there gre other possibly second-order effects that contribute additional
distortion to the grid. Such effects would inelude earth curvature and earth
obleteness,

In addition to these natural effects, there are certain characteristics of
the system itself that contribute their owm distortions to the grid. The S/C orbit
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will not be known precisely so that the exact point on the earth that the sensor
is viewing at any instant of time may be displaced from where it is predicted to
be. Attitude errors about the pitch and roll axis of the S/C manifest themselves
in approximately the same way. Finally, the scanning itself may be imperfect S0
that the comtiguous elements within eamch scan line do not represent egual-angle

(EA) views of the scene.

A1l of these factors combine to distort the hypothetical grid which is viewed
by the sensor and the major job of the geometric-correction phase of ground pro-
cessing is to estimate this grid and to relate it to the data that was actually .
taken, By knowing the grid in relationship to the dsta, one can then resample the

original dats to produce the desired image. In general, this resampling requires
'the generation by interpolation, of pleture elements in between those that were

actually taken by the sensor.

With this background, we can now concentrate on the effect of attitude control
system errors on the geametric correction of the images. We emphasize that even
with a perfect ACS, certain corrections must be made to the data and these opera-
tions are significant from the standpoint of the amount of digital processing that
mist be done, However, as the ACS becames poorer, in the sense that it allows
larger errors in pointing, a point will be reached where the effect of these errors
begins to affect the processing -~ e.g., more complex correction algorithms must
be used, or more operations must be performed on the individual pixels. For even
greater ACS errors, the necessary corrections may actually dominate the processing

load. We will sttempt to find these break points in the following although the .

latter case {ACS errors dominate the processing} mey result whem the ACS is so poor :

that the system is practically unuseble.

The anglysis will proceed in the following steps. In Section 2, we define
"ACS errors” and give & range of values for both static and dynamic errors which
should cover the range that might be considered for EOS. In Section 3, we show
the impact of these errors om the TM scenes. We will consider the errors that
might manifest themselves during one complete pass over CONUS, which might in-
clude 15 scenes, In Section 4, we show generally the processing that must be per-
formed to geametrically correct the T data. It is important that this processing
be described in such a way that the impact of ACS~caused errors is clearly evident.
Finally, in Section 5, we relate processing complexity to the processing steps and
then go further and relate dollar costs to Efe processing that must be performed
on cne TM scene. Conceptually, if it costs "Cy to process one TM scene with an
absolutely perfect attitude control system, we went to examine the total cost -

- $ - ¢ $ |
Cp . Cn * 4 ‘ (1)

where$i&is a functiom of ACS accuracy. To examine the relationship in (1) the
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major options to be considered are:

Processor Configuracion
1. Completely Genersl Purpose Computer(s),GP option

2, Speclal-Purpose Hardwere to do as much of the
processing as possible, referred to as SP option.

1
)

Avallability of ACS Error Data
1. thlaVailable
2. Accampanies the video data in each scan line

These four cages will be considered as options, and within each ACS errors will be
the major parameter,

2. Assumptions about the ACS and the resultant errors

The intent of this section is to define very precisely what we mean by errors
in attitude and to make Lhe necessary assumptions sgbout the statistics of these
errors. Also, we will state our assumed ranges for static pointing and attitude
rate errors.

The assumed gecmetry is shown in Fig. 6-La. We sssume that the scammer is
aligned perfectly and executes pure rotation, sweeping out equal angular increments
per unit time, sbout the roll axis of the S/C. The yew axis of the S/C is assumed
to be aligned perfectly with the center of the earth when there are no pitch or roll

attitude errors.

The control system is depicted in simplified form in Fig. _6-4v . . The instan-
taneous pointing of the 5/C is determined by making use of external references (stars,
the sun, and possibly the earth) and internal inertial references, We assume that.
these references periodically supply error signals to the ACS which indicate errors
in angular aligmment. These error signals are denoted in Fig. &-Lb as e, e¢ s
and €y denoting errors in radisns sbout the roll, piteh, and yaw axes, respectively.
Generally, these error signals will include noise that is inecurred in sensing the
reference in addition to any misalignment betwen the actual S/C pointing and the
desired pointing indicated by the reference. If we denote the reference noise as
€r, which we will assume to be zero-mean Gaussian and independent from sample to
sample with standard deviation €, we can denote the errors in actual spacecraft

pointing as
vr{Ey T wr{E} = var{E§ = ¢iBw, /43 (2)

Where & is the basic sampling interval (interval at which the reference is sampled)
and a second-order control system is assumed which 1s characterized by the undamped
naturel resonant frequency wp and damping factor § .  The relationships in {2)
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are approximations since cross-coupling between the three spacecraft axes 1s neglected
and also the control system parameters (W, J) may not be the same for the three

gxes. Note that the actusl pointing errore in {2) are primarily a function of the
control system bandwidth Wn; for larger velues of wn, the control system responds
more rapidly to the reference but it cennot average, or reduce, the input noise as

effectively.

In Fig. = 6-bc - we show typical time histories of the $/C attitude errors
Ey, E4 and Ey where esch angle is expressed in radians. These angles change slowly
with time with a correlstion time that is roughly equal to the time constant (t) of
the control system (% =1/un). For example, if wp = 1 radian/second, then the
fluctuations in the time histories would experience significant changes only about
once per second. ' These errirs are assumed to be zero-mean Gaussian random variables

with variances given by (2).

As the mttitude angles fluctuate with time, we can identify a rate of change
of §/C attitude and elso the errors Eg, E% and Ey with respect to the normal values
of these rates. Spacecraft rates should be epproximately zero about the roll and yaw
axes end precisely the orbit rate (8, = 2W/oo rad/min) gbout the pitch axis. With
the assumption of a second-order control gystem, we can approximate the rate errors as’

wafe,l = wa{g) ¥ owe{ggy ¥ eZadi/uy (3)

g0 that the variance in the rate error is approximately equal to wn2 tim.es. the variance
of the angular error.

The foregoing is an overly simplified view of the actual ACS operation. In prac-
tice, the operation msy be changed from an external (star-tracking) to an intermal
(gyro) reference at the begiming of each image-teking pass. For our purposes, we
must interpret several specification values in a form that will be sultable for the
analysis to follow. . The three specified accuracles are (See Fig., ~6-5) '

[»]
1. Rate error averaged over 30 minutes, = g Q°
As shown in Fig. 6-5a, this measure sSecifies .
the maximm allowable departure of the average angle
rate from its namingl value (zero for roll and yaw and
§ for pitch) when the average is taken over a 30 minute
interval. This messure cen be very misleading when gpplied
to shorter, say 30 second, intérvals. : ' S

2. ATTITUDE ERROR - O 4totic 5 this parameter is interpreted
as the static. pointing error, measured in microradians which
exists at the start of a satellite pass. In switching to a
"old" mode of operation, the ACS system attemptsto maintain
this initial pointing with absolutely no change over the '
remainder of the psss. To do so, of course, it must maintain
zero rate error (or if rate error was zero to start with, it
must not allow any acceleration).
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3, ATTITUDE JITTER OVER 30 SECONDS - 0.
This parameter is shown in Fig. _6-bb where we now observe
the angle-versus-time record over 30 second time intervals and
: specify the maximm sllowable change in angle over these inter-
vals.

Note that the jitter requirement can be more megningful in terms of the individual
T images than the long-term requirement. If jitter is specified as one arc
second (4.85 juradians) over 30 seconds then the maximum allowable rate is 0,1616
prad/sec over this interval.

In Table 6-13, . we 1list the assumed values of attitude and attitude rate
errors corresponding to %he definitions noted above.

3, The impact of ACS errors on the TM scenes

We can now apply the numbers in Table 6-13 to the individual T scenes to
determine the distortion caused by the fact that the $/C is pointed incorrectly or
is moving as the scenes &are takern.

Several time intervals are of interest and these are depicted in Fig. 66,
Clearly, the S/C cannot move enough to produce any degredation over the sample
or the sweep time. However, OVer the duration of one scene, the rate errors cah
integrate to produce significant displacements in the pixels of the image.

The static pointing error , Oy yields errors on the surface of the earth
of 30 meters for a ki Airadian pointing error about the piteh or roll axis. For
static errors apout the yaw axis, the outer pixels in a scene will be displaced only
.09 meters for each pradian error. Assuming a 50 meter (30’) orbit error in both
the along-track and cross—track directions, we obtain a worst-case circular error
in initisl pointing of i

1
o7 = [16.6 + [o.e8 O F 216,62 + [0.68 61)% +lo.02 o7f 1°

=

o = [0+ 0.93% O 77 meters (1)

where O, is now expressed in microradians. The four valués in Table §-13 for
U;t give the following pointing errors:

P EXPAIDED BASELINE LOW COST DEGRADED
Meters 41,1 170 8h2 : 4211
Pixels . 1.37 5.55 28 140
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We can now summarize the Pour cases for both statie and dynamic errors by com-

puting & displacement over the time interval T as ¥
' . 2 .2 2
S A Lo.68cr, 1)~ + (0.68 G 107+ (0.092% )]
- 0,966 T G} meters {T in seconds, O& in.prad/sec) (5)

where Un is the rate error averaged over the interval T . To obtain U% for T - Lo

ceconds™ (the pass duration} we use N
' 30 minutes]? E
GLOO sec { L00 sec. _050 minutes = 2,12 050 minutes

A general ccmment-about the nupmbers in Table 6-14 . is that dynemic errors will

have very little effect on the images. This, of course, is due to the extremely
precise rate control that has been assumed even for the "degraded” system.

7

i, Steps in the processing of a gingle scene

Tn this section, we will outline the processing that must be performed in a
‘single scene of T data (6% bands). Generally, the processing can be divided into
three Catego;ies;

I. Calibration, including radiometric correction and one-dimensional A
line-scen correction. : ‘ }

iI. Geometrie correction including two-dimensional résampling of the
dats to correct for all sources of distortion, This step excludes,
however, the location of ground-control points (GCP's)

1TI. Identical to II except that GCP's are first found in the image SO
that the resampling grid can be estimated more accurately.

We will assume that scenes are corrected to the maximum precision possible.
Therefore, we will be concerned with all three types of processing. Within each
type, certain operations .are performed independently on each pixel in each band;
certain others are common to two pixels in one scan line (different operations:
are not required for the bands ); and finally, same operations are performed only once
for the camplete scene. The individual steps, and the above mentioned commonalities
are noted in Table 6-15. To process all bands in one scene, therefore, agsuming

Nbix = 5,3 x 10/, for a GP processor, we obtain

Type I Processing ‘ :
5.3 x 107 [6.25 (1) +1 (2)]

0 =
. I . 8 .
= L4.37 x 10" operations/scene : (6)
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Type II Processing (No ACTS data, nearest neighbor interpolation) |
_ Iy 7{ . }Opns/ (7)
| 0 = 6.0x10° N *53x% 1011 1. (2) +6.25 (8) Scene
Type III Processing
: : 3
Or1 = 10 [1 + 10 (M/32) JLL-M + Qa o Noop orns/ gcene (8)
1 = 8ize of search area in pixels
M = GCP size in'pixels

We see that Oy is a constant; Orr is a function of Ngp, whether or not ACS data is
available, and the interpolation algorithm; snd O7p is & function of Ngops Ms and
1,. We assume the following values for these parameters for the differen% sitvations
shown in Table 6-1k. '

, NO_ ACS DATA ¥ WITH ACS DATA
ﬁ Tow
Parsmeter Expanded Baseline| Low Cost Degraded]iﬂxpanded Baselinet Cogt| Degraded
; !
Nop N 100 225 koo L 36 3N 100 | 225
Nocp . b 9 25 S - | 9 25
i i E
1 L H
M 100 100 | 100 10 | 100 | 100 100 100
L 120 160 380, 1520 106 136 ! 268 940

ﬁ?t%% operations for the GP cases (with and without ACS dats) are listed in Table
-16. '

5, Estimates of processing costs

To estimate processing cost for one ™ scene, it will be necessary to assign a
dollar cost to the operations performed on each TV scene. For the GP approach,; we
will do this by simply equating one machine operation to $10-8. Note that this is
equivalent to a "charge” of approximately $200 per hour on a machine capable of
5 x 10° million operaticns per second (5 Mips). fhis equivalent charge is low by
1974 standards by approximately 3-to-1, but we ascume that it is reasonable for the
FOS time frame. Using this cost relationsgip, the totals in Table 6-16 can be :
converted to dollars by multiplying by 10~-C. These results are plotted in Fig.

6-7. For the ACS accuracies specified for the baseline and expanded capability
systems, the cost to process one T™M scene is independent of ACS errors and is deter-
mined only by the intervolation algorithm used in the two-dimensional resampling.
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For the low cost system, with statilc polnting crrors of 872 nrad (28 pixels) and rate
errors of 0.8 urad/sec over 30 seconds, a notlceable increase in processing cost

ig inecurred. Stated as a percentage, the increase is less for the gitugtion where
the more complex interpolation algorithm is used. TFor the.’degraded” system where
ACS errors become 5-to-1 larger than for the low-cost case, processing cost increases
rapidly. This increase is not as rapid if ACS data is available to be used in the
grid computation. For the GP approach, pracessing cost is dominated by the Type IT
processing, specifically by the two-dimensional reSampling/ interpolation. '

mo congsider the impact of special -purpose (SP) processors we assume &5 2 pench=-
mark, that the SMS 1ine-stretcher* cost $7O0K for one unit. This device handles
input data at a 30Mbps and produces output data at a rate of approximately
2 Mbps. The SMS processes 1 visible chammel with 8 detectors/channel gnd 2 IR
channels which (together) give one-quarter the resolution of the visible channels.
As an approximatign, the 3MS produces 11 bands with 14,500 lines and 15,000 pixels/
iine for 2.7 x 10° pixels per scene. Such s scene is collected in approximately 20
. minutes. Assuming ¢ bits/pixel, SMS yields an average data rate of 2 Mbps.

For EOS, a scene is collected in 30 seconds. For the low cost system, however,
only 20 scenes per day are collected. so that t e peak data rate (100 Mbps, approxi-
mately) can be averaged over a 16 hour day to give an average rate of

. = . V . 4 . | 2
Ravg = 100 Mbps x 20 xéo.z = 1 Mbps

Therefore for 20 scenes/day, the type I processing for EOS will be assumed to be
performed in a device that is slightly less expensive than the SMS 1line stretcher.
At 400 scenes/day, however, the average rate becomes 20 Mbps which we will assume

is considerably more expensive (not 20:1 more expensive, however). For the type

II processing, we really have no good benchmarks. We will, therefore, make some
arbitrary estimates assuming that the two dimensional interpolation is considerably
more complicated than the type I processing. TFinally, for both devices we assume

a five year system life so that both the type I and type II processes can be reduced
to & "cost" per scene. These numbers are summarized in Table 6-17.

We have not tried in Table 6-17 " to distinguish between the interpolation
algorithms used in the type TI processing. Note that these costs, themselves.
\ reflect an increase in cost per scene in moving.from the expanded-capability to
the low-cost system simply because the SP processors for the former case processes
20 times the minimum data at only a four to gix to one increase in cost. To remove
this variation, we assume a cost of $40/scene for the types I and II processing
where grid computation is excluded in the latter (the first part of Eq (7) ).

*Synchronous Meteorological Satellite - Synchronizer/Data Buffer Design Plan,
October 1971, prepared by Westinghouse Flectric Ccrporation, for Goddard Space
Flight Center under Contract NAS-S-2157h4, ‘
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The cost trend is then shown on Fig, 6-7 as & dotted line. For a degradation in
ACS errors of 5:1 from two low-cost velues, pricessing costes ageln become domingted
by GCF location and rise ebruptly. For the baselin: system, however, the costs
(Bilinear interpolation assumed) is lower then for *he GP approach.

6. Sumary and conclusions

As indicated earlier, the ACS accuracies assumed for the expanded capability,
vaseline, and even the low-cost systems have very 1ittle impact on processing
costs for the TM data. Costs are determined, almost entirely, by the two-dimen-
sional sampling/interpolation of the data. For ACS sccurecy that is degraded 5:1
fram the low-cost option, giving initial pointing errors of 140 pixels (one sigma)
and rate errors of L, yirad/sec (average rate over 30 seconds), the ACS errors have
a gignificant impact on processing. This impact is dominated by the cost of GCP
locgtion - primarily the fact that GCP search areas must be widened but also because.
more GCP's must be found in the scenes, The impact 1s less, but is still significent,
if ACS error data is aveilable to assist 1in computing the resampling grid.

Until the ACS systenm is snalyzed or cumulated in more detail, so that time
histories of the pointing arve availeble, & more detailed anglysis of the problem
cannot be made. It appears that the baseline attitude control system being con-
sidered is completely adequate insofar as ™ image distinction is concerned.
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6-3.2 Cost per program for correcting images

Information in Tsbles  6-1, -2 = and -3 i3 condensed to form Table
6-18, . to show the processing requirements as & function of progrem phase
and size. The cost per scene for the TM was given in the previous section.
To obtain the cost per scene for the HRFI, the TM zo8t per scene will be

miltiplied by the following factor: }

(Scene area) (No freg. bands) (bits/pixel) (samples/pixel)

k = (pixel area) ‘ HRPL
{Scene area) (No freq. bands) (bits/pixel) (samples/pixel }
(pixel'area)
Using the data given in Table 6-3, the factor is
(48 x 103 x 185 x 109)(4) (7) (1.0) ,
(10 % 10) | . = 48 30", L = 1.5
(185 x 103 x 185 x 103) (€ 3/16) (7) (1.C) 185 107 6.0625

(30 x 30)

' The cost for T and HRPT is then estimated to be 2.5L times the cost
of ™ alone. ‘ ' _ '

The dsta of Tsble 6-16 is multiplied by 10-8 $/machine operation to
obtain Table 6-19, showing the cost per TM scene for the general~purpose com-
puter. Using Table 6-19,  (nearest neighbor interpolation only), the factor
2.54 for the cost of ™ and HRPI relative to that of ™ only, and Table 6-18,
the cost per program was computed and is shown in Table 6-20, . '

6.5 Total cosbs for the three ACS/GPS combinstions over the three
programs

The costs for the ACS over the three programs as given in Table 6-10
and for the CPFF over the three programs as glven in Table £-20 were summed,
The results are shown in Table - 6-21. .

The portion of Table . 6-21 for the totsl progrem (development plus
operations) and for ACS data included was used to ccnstruct Fig. 6~8, . By in-
gpecting Fig. '6-8, = the least-cost ACS/CPF combiration for each of the three
programs results when ACS configuration 1 is used. Fig. 6-9  was obtained in
s similar fashion, but in this case, cubic convolution interpolation was used
without ACS dsta, Inspecting Fig. 6-9, the lowest-cost ACS/CPF results when
the baseline configuration is used for the expanded capabilities program and when
the low-cost ACS configuration is used for the other two programs., .. ; )
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Fig. ©6-8  ig repeated in Fig. 6-10,  except that ACS Configuration O
has been added, so that the minimum-cost point in cach curve is more clearly
indicated. ACS Configurstion O has sn accuracy and stability 5 times less than
ACS Configuration 1 (0.05 deg, 5 x 10—6 deg/sec).

To show the decrease in cost of ground processing with increase in cost
of the ACS for ACS Configurstions having lesser and lesser performsnce, Fig.
"6-11  was constructed. The net cost, shown by the dashed line shows that
the leasst-cost is amssociated with ACS Configurstion 1, but the cost of ACS

. Configurstion 2 (baseline) is 8o close to that of ACS configuration 1 (within
the probable error of estimstion) that either ACS Zonfiguration - 2orl

can be considered as the low-cost configuration.

The cost of ACS hardwere and manpower as a function of the number of space-
craft is shown in Fig. ©6-12A. The cost of the first spacecraft includes
nonrecurring costs and is therefore larger than the cost of each subsequent
spacecraft (recurring cost only). In Fig. 6-12B, the cost of ground pro-
cessing for operations over a two year interval is shown. It is assumed'that
nearest neighbor interpolation, ACS data, and a general-purpose ccmputer are
used., The number of scenes per day appllies to T™ and HRPI Simultaneously.

In ¥ig, 6-13, the cost of ACS recurring hardware and mampewer i$ shown
on the vertical axis. Additional costs incurred due to the ground processing
of & number of TM scenes/day simultaneously with the same number of HRPI
scenes/day are given in the curves. At 288 scenes/day TM plus 288 scenes/day

HRPI, the cost of ACE Configuration 2 becames equal to that of ACS Configuration

1.
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Figure 6-14 is similar to that of Fig. 6-11, except that the variation
in estimated ACS manpower costs have been removed from Fig. 6-14. In this case,

the costs are lowest for ACS Configuration 2 (baseline).

When manpower cosfs are fixed for all ACS configurétions at the level -
cqmputed for ACS Configuration 2, as given ir Table 6-8, the curves of Fig. 6-10
" change slightly to that shown in Fig. 6-1. In this case, the minimum ACS/CPF_
cost occurs mt an accuracy of 0,02 deg and stéhility of 2x10-6‘deg/5ec.‘ However,
the cost is practically constant for ACS Configurations 1 amd 2 andin betgeewx.ACS
Configuratipn 2-is thus preferred, becsause it provides the highestlperformance
and permits the greatest flexibility for meeting varying mission requirements

at no sdditional cost :elative to the cost of ACS Configuration 1.
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T
TABLE 6-1 PROGRAM FOR _DEVELOPMENT PHASE :
TAUNCHED RETURNED MISSION| INSTRU- L ;
OPERATIOR™ . MVENTS P I ;
5 :
FPROGRAM SPACE COMPLETED ! }
hTSSION| CRAFL|BY iy iN IN
MODEL 0. YEAR YEAR YEAR :
1 124 14 Delta 1980.5 {1982.5 Shuttle {1983.5 LRM | TM,HRFI A
(Low Cost) 2910 s
2 5 1A Delts 1979.5 [1981.5 Shuttle |1983.5 LRM ™, HRPT A !
{Baseline) 2910 oS
oA Shuttle 1971.2511981.3 Shuttle |1981.3 pio* 14 — —_
DEMO )
g?) ot ; N
) Delta 1982.5 l1g8L.5 Shuttle |1904.5 T.RM ™,HRPIl B
2910 WEVTR, DCS |
: 3 1 1A Titan 1979.5 {1981.5 Shuttle {3983.5 TRM TMJHRPT. 1
| { Expanded 3B/SSB/NUS WBVIR,DCS, i
| Fapabilities) e .
! 24 Titan 1980.5 {1982.5 Tattle (1983.5 (3) — —
i 3B/SSB/IUS -
‘ 38 johuttle  |1981.25{1981.3  PBhuttle {19€1.3 | DEMO — —
i DEHO)
3B |Titan 1982.5 §1984%.5  Ishuttle |196k,5 | IRM | TM,HRFI,! g
3B/SSB/MUS WEVTR,DCS
NOTES: (1) Demonstration Flight: Demonstrate deployrent, resupply,
and retrieval, Include all ACS Modes Flight -
lasts 6 days
{2) Spacecraft No, 2B is refurbishment of 24, |
Spacecraft No. 2C is refurbishment of 2B, ete,
(3} Mission is either '
SOLAR MAX, SEASAT, OCEANOGRAPHIC, SEOS, or STELLAR
L
PREPARED BY GROUP NUMBER & NAM CHANGE
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3 =T Fpv
TAELE 6-2 PROGRAM FOR OPERATIONS PHASE
, LAUNCHED T OFERATIONS | MISSION | INSTRUMENTS | DATA
_ . ' “I§ veag | COMPLETED . - OPTION
PROGRAM SPACE | BY | & RETURNED
' CRAFT | BY SHUPTLE
_ NO. IN YEAR |
1 1B | SHUTTLE | 1984.5 |  1986.5 1RM TM,HRFI, | A
(LOW cOsT) ;s
| 2 SHUTTLE | 1986.5 1988.5 LRM | T™,HRPI, A
: | ¢S
3 SHUTTLE | 1988.5 1990.5 | LRM ™, HRPI, A
. : DS
2 1B SHUTTLE | 1984.5 1986.5 LEM T™,HRPI, B
(BASELINE) . | - - WBYTR , DCS
3 | SHUPTLE | 1985.5 1987.5 (3) — _
Yy SHUTTLE | 1986.5 1¢88.5 | LIRM | TM,HRPI, B
_ WBVTR, DCS -
5 SHUTTLE | 1988.5 | 1990.5 LRM | T™,HRPI, B
‘ WBYTR, DCS
-3 LA SHUTTLE | 1983.5 1985.5 | LRM SAR —
( EXPANDED . . ‘
CAPABILITY) 1B SHUTTLE | 1984,5 1986.5 LRM T™,HRPI, | C
, _ TDRS,DCS
2B SHUTTLE | 1985.5 1987.5 (3) — | —
5 | SHUTTLE | 1986.5 1688.5 - IRM | T™M,HRPI, | C
. - . TDRS,DCS
6 . | smurme | 1987.5 1989.5 (3) —_ —
7 | SHUTILE 1988.5 1590.5 IEM | T™,HRPI, - | C
_ f 1 TDRS,DCS
. getior [Ny Conteed Wktens | H/b/Te |CEMEE
— : REYISIDN DATE ]
o BY : . K _
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TABLE _ 6-3 DATA OPTIONS FOR USE IN ACS/CPF TRADEOFF STUDY
ITEM DATA OPTIOK
A B C
TESTRUMENTS ™, HRFI -
DATA TRANSMISSIOF DIRECT DATA DD + WBVTR DD + TIRS
KO, GND, STATIONS | 3 >
PASSES/DAY OVER CONUS . 3 > :
: f
JIM 10 ™ b5 ™ 100 ;
SCENES/DAY HRPT 10 HRFI 45 HRPI 100 i
™ 185 X 185 - ,
SCENE DIMENSIONS, KM HRFT 48 ¥ 185 - -
DETECTORS/BAND ™ 16 - - »
HRPI k800
| ™ 30
RESOLUTION, METERS HRPI 10 -
ETe8/PIXEL 7 >
SAMPLES /RESOLUTION 1.k >
™ 6 1/16 -
BANDS HRPI h i
DATA RATE, MBPS ™ 85
(WITH BUFFER) HRPI 90 *
1LEVEL OF PROCESSING* STAGES I & II "
OUTPUT PRODUCTS, | HDDT 2L 108 2ko
SCENES/DAY ceT 7 15 56
- B & W PHOTO - 36 108 360
COLOR " 2k 72 240
®O, OF FORMATS o 2 -
* Stage I: Cglibration supplied with picture (radimneti'ic, 1~-dimensional line scan)
Stege (I: Correctiomsfor earth curvature & rate, UM projection, and 2-dimensional
. gensor scan |
' . l
FRepARES BY G. A. Zetkov 463 Comirol Systems D”/Elh/?h CETTER !
REVISION DATE i
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TABLE 6-%

ERROR BUDGET

ITEM

VALUE

Error, Pixel Location

0.5 Pixel Resolution, 1 ¢

Error, ephemeris

along~track
cross—~track

radielly

50 met 17
30 met 1o
30 met 14

Error, earth model

10 met 1o

Error, transfer alignment
between ACY Startrackers
and Instrument

21 ;Arad = L.3 gec 1e¢
equivalent to 15 met

at 716 Km,

| Errors, -ACS

o Expanded Capability

o Baseline(NASA ACS spec
for LRM)

ol Low~-Cost

Attitude Anguiar Rate
Deg. 1 Deg/Sec 1%

30 min £30 sec
0,002 0.2 x 107 0.2x10™
(7.2 gec) (2.6 seo/hr)
0.01 107 . 107
(36 sec) (13 sec/hr)
0.02‘_ 5 x 1Q2E. 5 % 10-5
(3 min) (1.1 min/hr)

(0.018 ‘deg/hr)
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FIGURE 6-5.. _ACS CONFIGURATIONS |
ACS Configuration
1 2 3 :
ITEM Low-Cogt Baseline Expande
Capability
Performance Attitude, deg. 0.05 . 0,03 0.002
| _Reguirements | Angular rate, deg/sec  |5x10-9 10-6 0,2x10-6
Components | Coarse Sunsensor
(Ron-redundent | Digitel Sunsensor
System) Rate Gyro Assy 1 1 1
(3 gyros & electr)
" Farthsensor(static) 1
Fixed-head Startracker 2
Gimbaled Startracker |
Magnetometer
. Signal Conditioner/ 1 1 1
Annlog Processor
Reaction Wheel/Driver 1 1 1
Assy (3 wheels) 7
Magnetic Bars/Driver 1 | 1 1
Assy (3 Bars)
Jet Driver Assy 1 1 1
(4 75-1b, 8 1-1b,
8 0.1-1b) ,
Signal Conditioner/ 1 1 1
MUX/Decoder Assy ‘
Bus Protection Assy 1 L : 1
NOTES : El} An onboard digitel camputer is used in each configuration.
2} Complexity Factora associated with ACS configuration are:
ACS Configuration Complexity Factor
1 {low-cost) 0.8
2 (baseline) 1.0
3 (expanded capsbilities 1.25
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TITLE . : TRADE STUDY REPORT |
"ACS/CPF TRADEOFF NO- g _f
'WBS NUMBER
1.2.1.2.5
—— -t
TABIE  6-6 ACS HARDWARE COSTS =
COST, $K
Component - , ' ‘_1 st Subsequent
S on oach Non-recur] Rgcur Spacecr Spacecr
Type £ I .
' gg?gfg CS Canfilk ACS CenfileACS Config ACS Cohfig
, 1l 20380 1[2l3lafe]3laje] 312213,
" Coarse Sunsensor 2l 2|2 5|s5l5(2]2)2]2%2]"? ?*-hj
Rate Gyro Assy 11 11 1 |10 ksoksol 4o |200 {2od50 50 (550 | o |200 {200
arth Sensor 1] 0jo 104 -} - 12; - - 225 ~-F - 1251 - -
ixed-head Startracker of 210 |- HMO -]~ | W3) -1 -p26) - |- | 86&] -
imbaled Startracker 0 oy 13- - Kool - - 504 - - j100q - - {500
agnetometer 1] 1) 1151 15 15/ 35| 35|35 {5050 5C {35} 35} 35 |
nalog Processor il 1 |15Q150050 15q150,15d300 30d 300050 150|150
1 |1 - '
heactionwheel Assy( ) 11 1 |20 20 2ol 130130130150 150 150 134G 133130
Magnet ic Bar Assy (1) 111 1 |50] 50 50 12(120 120170 179 l?d 12d120 {120
Jet Driver Assy 1{1 | 1|0} 19 10 40( ko Lo | 50! 50 | 50 4o | 4o {40
S1gnal Cond/MUX/DCD Assy 1]1 11
Bus Protection Assy 11 ]1
POTALS ——* 1054 k55329 68h _805121§
Notee: (1) Size 1.(Smallest)
PREPARED BY GROUP NU a - — :
G. A. Zetkov - 593 Control Systems | &f1/7h |CETYER
. . REVISI'O'N DATE
| aPPROVED BY _ fa21
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TABLE 6-7 ACS MANPOWER COSTS
cCOosST, $K
TASK ~} Non-Recur Recurring |lst Subsequent
Spacecrafi Spacecraft
ACS Config ACS Config. ACS Config. Standard Lemo
ACS Conf, | ACS Con?,
1 2 (3 1 21 3 1} 2] 3 1 2| 3 112 |32
Design ACS to setisfy | 320 [400[500 3201 L00| 500
mission spectrum _
Procure components for 6L | BOJ200 64} 80l1i00
qualifiestion
Test components at 32 kol 50 32| uo| so
vendor
Support qualification 4 | 80[10C 6| 8oj1o0
tests on spicecralt
. - e e e =l--4 1T T
; Procure cemponents for 1601200250 j160]2001250 | 160]200|250 1R e
! flight spececraft '
Perform acceptance tests . Bolzocfies | 801100]125 Bolico] 1251 <0 wanliis
on corponents &t endor
Integrate ccmponents into _ sy &7] 84 | sh| &7 B4 skl 671 84| skl ov| -
ACS module & test
Support system tests Bolicoli2s | §0[100]125 £0]100]125 galionlons
; on spacecraft
i support flight (2 Yr 192|240} 300 j1g2|ako]300 | 192{2ko] 300
operations  (Demo 8| 10| 13 | - gl 10f 123

TOTALS o - v ve v vsvanenansseanssnsnsaness ROMRIIT] 2634 566 | 707 @l ,] e 2
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: .
TABLE 6-8  SUMMARY OF ACS HARDWARE AND MANPOWER COSTS
COST, $M
lst Spacecraft Subseqﬁent Spﬁcecraf‘t
Standard Demonstration
Category _
‘ACS Config. ACS Config. ACS Config.
1 | 2 3 1 2 | 3 1 {2 }3
Hardwere 1.054{1.5455 2.329 [ 0.68410.805{1.219 | 0.684[0.805|1.219
Manpower 1.0L46[1.307 L.634 0.566{0.707{0.884 | 0,382]|0.477(0.596
Total 2.100|2.762 |3.963 1.250(1.512[2.103 | 1.066|1.282(1.815
Refurbishment 0.250}0.302}0.421
NOTES: (1) Coet of refurbishing spacecraft:
20% of total for subsequent standard spacecraft
G. A. Zetkov 503 Control Systems | bflh/7h  |CetVER
REYISION DATE
APPROVED BY - 6-23
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TABLE 6-9 _ NUMBER ARD TYPE OF SPACECRAFT IN THE THREE TYPES

OF PROGRAMS

NUMBER OF SPACECRAFT
DEVELOPMENT PHASE OPERATIONS PHASE
TYPE OF SPACECRAFT TYPE OF SPACECRAFT
STANDARD| DEMO |REFURB. STANDARD REFURB.
1
(LOW~COST) 1 0 0 2 1
2
( BASELINE) 1 1 1 3 1
3
{ EXPANDED 2 1 1 I 2
CAPABILITIES)
PREPARED BY
G. A. Zetkov B etnivon dystens  |TBf1/7h | CENYER
| REVISION DATE
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TITLE : ‘ . |TRADE STUDY REPORT
ACS/CPF TRADEQOFF _ | : o N0, 6 ‘
* o : , B WBS NUMBER -
- 1.2.1.2.5
TABLE 6-10 ACS PROGRAM COSPS, $M, HARIWARE PLUS-MANPOWER
'LO#-COST PROGEAM ‘ ~} | DASELINE TROGRAM EXPARDED TAPASILITIES PROGRAM
FuATE TYFR ' - : , ;
erACECRAFT RO, ATE  COXFIGURATION fm.| - ACS  CONFIGURATION me. 408 CONFIGURATION
b OF =T 1 Fa 7 \F P TR 7 K] oF 1 F 3
§/cl—TIR TR FER —F/C [TTs TR TR 2 /e "PER xR TE-
- osfe i |osfe fam | s/ | AT o sfc | AT s/C AT |SfC LAz sfclwe |osfe b | sfol AT
JEVELAIEETT  llet ITACECRAFT 1 | 2,300 | z.100{2.762 [2.762 | 3.958 3.963 {2 | 2.200) 2.100/2.762 27620 3.964 3.963 | 1 p.100)2.a00 2 762,782 2,533 3. 902
_SUITEQUITNT STARDARD |0} 1.250 | © 1,512 {0 2,503 0 0 | 105000 1.512, 0 ]2.aego 1 b oosoly eretrisinty.ena) 102,102
: o |1066)0 1.282 19 1.815 0 1 V1o | 1.066i1.c01.2850.805 1805 | 1 [L.oéer.ofGir.asni.ane 1.81501.815
N ISITHT o | o250 0 0.12 {0 0.3 0 1 lo.aso | 0.250|0.302| 0.302| 0, U2z} 0.b21 | 1 p.290}0,250{0.20240.332 9,k21|0.421
oA o} zaw 2.762 3.563 3.8 b3 6.199 .66 5.858 8.302

TEERATIONR CUCTIGUENT STANDARD 2 1.250 | 2.500}1.512 {2,024 §2.103 L2086 |3 }1.250 ) 3.750/1.512 b.536)2.103 6,300 [ L h.250|5.000]1.512 6.0L8{2.10318 k12

RISUREISHMENT 1 0.250 | 0.250[0.302 {0,302 | 0.L21 0.k21 1 .[0.250 | 0.250{0.302{0.302 o.421] 0.L23 | 2 p.250|0.50010.302|0.634)0.421 0.8z
' |
TOTALS | - 2.750 3.326 4,627 ‘ L.Oo0 %838 . |6.730 5.500 6,652 9.25%
bt 1evars . 4.85 6.088 3.590 7,426 0,184 n2.929 10,166 2,510 n7.556
CREPATIL RBY
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T
PABLE 6-11 ACS COMPONENT WEIGHIS
WEIGHT, LB
COMPONENRT ‘
. ACS CONFIGURATION o
1 2 3
Coarse Sungensor 0.156 0.156 0.155 !
Digital Sunsensor 5 5 g
Rare Gyro Assy 7.25 (16100 Bendix)| 15 (64 RIG Bendix) | 15 (64 RIG Zendix) ’
(3 gyros & electronics)
Earthsensor {static) LS —_ —
Pixed-head Startrocker — 17 —_—
- (inel. electr.)
Gimbaled Startracker P — 50.1
(inel. electr.)
Magnetometer 6.5 6.5 €.5
S1gnal Conditioner/ — 8 8
Analog Processor '
Resctionvheel/Driver (10 x 3= 30) /-| (10 x 3 =30) /4 (10x 3=30/74
{3 wheels, Size 1)
Magnetic Bars/Driver 10.2 x 3/ - 10.2 x 3/5.75 10.2 x 3/5.75
{3 tars. Size 1)
Jet Driver - 4 b
(& 75-1b
B 1-1b
'8 0.1-1b)
Signal Conditilomer/ -f0.5/1.0 5/0.5/1.0 5/0.5/1.0
Multiplexer/Decoder Asay : '
Electronics Assy“’) 13 — —_—
BOTES: (1) Electronic Assy Includes
(1) Analog processor & conditioning of gignala into analog processor
(2) Drivers for reactionwheels, magretic bars. and jets
{3) Signal conditioning for signals lote multiplexer and for signals
out of decoder '
PREPARED BY GROUP NUMBER 8 NAME DATE CHANGE
G. A. Zetkov 493 Control Systems | 6/24/7h LETTER .
REVISION DATE
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'1.2,!1.2.5
TABLE 6-12 ACS COMPONENT & SYSTEM WEIGHTS
COMPONENT .
- ACS  CONFIGURATION
1 i 3 .
_ mo/ | WEIGHT | TOTAL ne/ WEIGHT| TOTAL no/ ] WEIGHT | TOTAL
SPACECR | EA, LB ! Wr LB, [SPACSCE| EA, LB| WT.LB FPACECR] FA, LB ¥T,LE
Cwae Sunsensor -2 . }0.156 0.:12| 2 0.156 0.112| 2 0.155 0.312
) 'Dig!tal Sunsensor ‘ 1 5 5 1 5 5 1 5 5
Rate Cyro Assy 1 7.25 7.25 1 15 15 1 15 15
(3 gyros & electr.) . -
Parthsensor (etatic} 1 ks Ls 0 _ — 0 — -
Fixed-head Startracker Y -_— —_— 2 17 w 0 —_
Gimbaled Startracker o : — o - 1 50.1 50.1
MHognetometer ' 1 6.5 6.5 1 €.5 6.5 1 .5 6.5
Signal Conditioner/ 0 — —_— 1 '8 8 1 8 )
Analog Processor l '
_ Resction Wheel/Driver 1 30 30 | 1 3 » |1 3 34
Asay (3 vheels)
Jagastic Bars/Driver 1 po.6 3.6 1 [3%.35 ] %351 1 |3%.35 | %.35
Asay (3 bars) .
J_Qt Driver Assy 0 l' —_— — 1 4 h 1 L L
(& 75-1b, 8 1-1b,
8 0.1-1b)
8ignal Conditioner/ 1 1.5 1.5 1 €5 6.5 1 6.5 6.5
WX/ Decoder Asey , 7 . ‘
Hlectronics Assy' 1 3.0 |13.0 0 - — 0 _ —-
TOTALS [139.162- 149.662] 1165.762
(1) Electronics Assy includes
(1) Analog processor & conditioning of signals into analog processor
(2) Drivers for resction wheels, magnetic bars and jets
(3) 5ignal conditicnlng for signals into wltiplextr a.nd for signals
out of decodsr :
PrepARED BY G. A. Zetkov i T;;”é‘;’;f@f.;f Systems Dé}éh/?u SEAYER N
- . . ) v REVISION DATE
APPAOVED 8Y ~ pace 0=2T
J. Fragols S
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. ‘ TARLE 6-13

RANGE OF ATTITUDE AND ATTITUDE RATE ERRORS*

INYN § HBENNN dNOUD

EXPANDED
CAPABILITY BASELINE LOST COST DEGRADED
1. Rete Err. Cver 30 Min. -3 3 3
. | 3.5 x 10 17.4 x 1073 87.2 x 10” 436 x 10°
r30 }.\I‘ /s ) \ r
2. Static Attitude Error
35 17h 872 4360
OEJT pradisn, | €
3. Jitter Over 30 Sec; -3 . 3 3
%’5/30 Expressed as 32 x 10 162 x 10 808 x 10 4,05
marad/sec., L & .

14/ 98/9, o

3ovd

3LY0 NOISIATY
Wali3an
ADNYHD

ger9

*Note that there is an spproximste inverse square-root relationship between the one-sigms
rate errors and the time intervals over which the measuremerts are defined, We will
assume and use this relationship later to interpolate between 30 seconds and 30 minutes.
The 30 second veluewill be assumed for Intervals shorter than 30 seconds.
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GERUMMAN . TR 30— ek u W

TRADE STUDY REPORT
FriTLe ',,';S"‘OE STUDY REPORT
6 A
" ACS/CPF TRADEOFF NBTRUNGER
1,2.1.2.5
i

TABLE .

6-1%

SUMMARY OF DISFLACEMENTS

IN PICTURE ELFMENTS FOR THE FOUR

ASSUMED CASES (ALL VALUES, ONE SIGMA)

: MAXIMUM ERROR MAXIMUM ERROR
SYSTEM STATIC ERRCR OVER ONE SCENE, PIXELS OVER ONE PASS, PIXELS
' PIXELS (T = 30 SECONDS) (T = 4LOO SECONDS)
Expanded Capability 1.37 0.03 - 0,095
Baseline 5,65 0.15 0.475
Low Cost z8 0.78 2,38
Degraded 140 4.0 12
PREPAREO BY | Pa.hn.e.r. '(csc) GROUP NUMBER @ ums. 9;';’52 S cHaNgE
B REVISION DATE
APPROVED BY J. Fro.%o.lb- PAGE 6-29"

Rgac s711
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TABLE 6-15

SUMMARY OF PROCESSING STEFS AND
ESTIMATES OF MACHINE OPERATIONS TO PERFORM

FACH STEP

BASIC UNIT THAT

TYPE OF DESCRIPTION OF DETERMINES _ MULTIPLICATIVE MACHINE OPERATIONS
EWESSIM OPERATION PROCESSING LOAD FACTOR¥* PER BASIC UNIT#**
1 | Radicmetric Correction Each Pixel, 6.25 1.
- | Line Stretching. Npix 1 2.
s ! ]
I1 Calculation of Re- N (mmber - {grid is used |6 x 10 opns w/o ACS Daty,

Sampling Grid

Coordinate Computa-

of grid points)

for g1l bands in
ohe scene)

105 opns w/ACS Data

tion for Resampling Npix 1.0 2.0
Actual Resampling
Tneluding Interpolation Npix 6.25
e Nearest Neighbor 8
@ Bilinear 25
e Cubic Convolution 60
I Ground Control Poin Necp -points used 1
Location : (Mumber of Comtrol | for all bands
Points) in one scene
'&{ultii)lica.tive Factor = 11f computation ie common for ell bands; = 6.25 if the computation

vis different for each band.

«"Operation" defined as inmteger add.

+ Assume sequentisl gimila.rity detection (SSDA) so that numbe

r of operations is

r 517 2 .
10 [ 1 +10 (M/32) ] L-M+1 | where L ig size of search area in pixels
_ and M is the sime of the GCP in pixels.

PREPARED BY

L. Palmer (C5C)
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1-2-:]_~£°_'5_,,,.;
TABLE 6-16 '
TOTAL OPERATIONS/SCENE
. FOR GP APPROACH
NO ACS DATA WITH ACS DATA
NN BL _ cc UL BI cc
EXPANDED I L.3 x'108 L.3 x 108 4,3 x 108 .3 x 108 L,3 x 105 h,3 % 108
CAPRELLITY 11 o.7 5100 8.4 x100 2.0x10  2.7x 109 8.4 x 100 2.0 x 107
ITT 3.2 X 10° 3.2 x 10° 3,2 X 107 1.8 x 10L»L 1.8 x 10‘lL 1.8 x 10“
ToTAL 3.1 x 100 3.6 x 100 2.0 x 1010 3.1 x 100 8.8 x 107 2.0 x 1080 |
BASELINE I 4.3 x 108 L,3 x 108 h.3 x 108’ L,3 x 108 h.3 x 108 Lh,3 x 108
IT 2.7 x10 Bk x100 2.0x 1070 0.7 x 100 8.4 x 10 2.0 x 1070
TIT 6.2 x 106 6.2 x 106 6.2 x 106 1.0 x 106 1.0 x 106 1.0 x 105 \
TOTAL 3.1 x 107 3.8 x 100 2.0 x 10°° 3.1 x 109 8.8 x 100 2.0 x 10“LO
LOW COST I L.3x 108 4,3 x 108 4,3 x 108 L.3 x'108 h.3 x 108 L.3 x 108
: o9 R 10 ' g 3 : 10
II 2.7x 1l 8.k x 1 2,0 x 10 2.7 x 10 8.4 x1 2.0 x 10
ITT 3.6 x 100 3.6 x 18 3.6 x 10° b8y 107 4.8 x107 4.8 x 100
oTAL 3.5 %100 9.2 x10° 21x100  3.2x 1 8.9 x 107 2.0 x 10
DEGRAIED I L4.3x 10° 4.3 x 108 4.3 x 10 4.3 x 1° h.3.x‘108 4.3 x 10°
i1 2.7x109 B x10® 2.0x100 2.7x 10 8.k x 107 2.0 x 107
10 10 10 .9 9 I
roml 2.6 x 100 3.2 %100 h3x100  6hx10 12x 100 2.3 x 10%°
NN = Nearest Neighbor Interpolation
BI = Bilinear Interpolstion
cc = Cubic Convolution .
_p_sr'mﬂcm_i v GROUP NUMBER 6 NAME DATE . | - o
" L 1.. Palmer ' 6/26/7h4 CeTves L
I———— REVISIDN DATL -
iereven oy . -
J. Fragola PACE .31
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ACS/CPF TRADEOFF
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R

TABLE _6-17

ASSUMED COST OF SP PROCESSORS FOR

TYPE T AND TYPE IT PROCESSING

HO.

-

TRADT STULY ROPORT

6 -

weswomerr

1.2.1.2.5

L
Al 3711

DEGRADED/LOW COST BASELINE EXP. CAPABILITY
20 SCENES/DAY 90 SCENES/DAY 40O SCENES/DAY
Assumed cost of $500,000 - $700,000 $2 . OM
Type 1 processor
Cost per scene $13.60 $h .26 $2.73
over 5 years
Assumed cost of $1.0M §2.0 M $6.0 M
Type 1II processor
(Bilinear Interpolation
Assumed )
Cost per scene $27.20 $13,00 48,20
over 5 years
Total Cost/Scene $40,80 $17.26 $11.00
(Type I & Type 1I)
_PREF‘ARED 2 ) GROUP-NUMBEH & HAKE DATE :ANGE —J—j‘
L. Palmer 6126/ T4 LETTER
REVISION DATE
| D
APPROVED BY PAG 6_32
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TITLE _ . NO. g
Acs/ cpr TRADEOFF L - ‘ e meER T
TARLE 6-18  PROCESSING REQUTIREMENTS AS A ‘
FUNCTION OF: PROGRAM PHASE AND SIZE
|
| |
- YEARS : . |
PHASE PROGRAM OF INGTRUMENTS DATA -
OPERA- OPTION | SCENES/DAY
; TTANS : . . :
Development | 1 (low-cost) 2 ™, HRPI A ™ 10
o . HRPI 10
2 (baseline) 2 ™, HRPIL , "
2 TM, HRPI, WBVTR B ™ L5
_ HRPI L5
3 (expanded)’ L ™, HRPI, WBVIR | B "
(capabilities) '
Operstions 1 (low-cost’ 6 ™, HRPI A T™ 10
| : ]  HRPI 10
2 (baseline) 6 TM, HRPI, WBVTR | - B ™ 45
| : HRPI 45
3 (expended a(X)| m, mrpr, TORS |- C ¥ 100
capabilities) s HRPI 100
- NOTES: ;
(1)} The SAR was counted as a dats option C.
spacecraft TNo. LA with SAR operates simultanecusly
with spacecraft No. 3B for 1 year, and simultaneously
with spacecraft No. 1B for 1 year. o
_;;Ep;\uzo £ o GROUP NUMBER 8 NAME DATE CHANGE o
- ~ G, Zetkoy '  |uo3 control Systems | 7/A/Th LETTEN
. . AEVISION DATE
APPROVED EY - o "~ lpace 6-33 i
Ja FI'EEOJ-& ! - _ . . - ————
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ACS/CPF Tradeoff e R
. 1.2.1.2.5
TABLE _6-19
T™ COST PER SCENE, USING THE
) GENERAL PURPOSE COMPUTER APPROACH
COST PER SCENE ¢
Without ACS Data With ACS Data
ACS TYPE
CONFIGURATION} PROC.| N/N BL ¢/c N/I BL c/c
3 . I 4,3 | 4.3 4.3 4,3 4.3 L.3
| Expanded 1T 27.0 8L.0 200.0 27.0 84.0 200.0
Capabilities)| III 0.0032 0.0032 0.0032 G.0002 0,0002 0.0002
TOTAL} 31.3 88.3 204.3 31.3 88.3 204 .3
2 I 4,3 4.3 b.3 L.3 4.3 L.3
[ Baseline) II 27.0 8Lk.0 200.0 27.0 84,0 200.0
11T 0.062 0.062 0.062 .01 0,01 0.01
TOTAL} 31.3 88.4 204, 4 31.3 88.3 204.3
1 I 4,3 L.3 4.3 4.3 L.3 4.3
(Low Cost) II 27.0 84,0 200.0 27.0 8k ,0 200,0
III 3.6 3.6 3.6 0.5 -« 0.5 0.5
TOTAL| 34.9 91.9 207.9 31.8 88.8 204 .8
0 I L,3 4,3 4.3 4.3 4.3 4.3
(Degraded) I1 27.0 84.0 200,0 27.0 - 84,0 200.0
III |230.0 230.0 230.0 33.0 33.0 33.0
TOTAL 1261.3 318.3 L3k, 3 6l4.3 121.3 237.3
NN NEAREST NEIGHBOR
RL BILINEAR CC CUBIC CONVOLUTIDN
PREPARED BY ‘ anu;: HUMBER 3 NAME DATE CHANGE_H"_’—
G. Zetkov 493 Control Systems 7-1-74 LETTER
= — RIVISION DATE
| Co B k
APPROVEDEY  J. Fragola pace 6-34
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Fi'rv._s Lg.«oz_égﬂb_v_ﬁ;harn'
ACS/ CPF TRADEOFF asHoueER
) 1,2.1.2.5
TABLE = 6-20
COST PER PROGRAM, GROUND PROCESSING
COST PER PROGRAM, $M
- PROGRAM WITHOUT ACS DATA WITH ACS DATA
ACS. Configuration ACS Configuration
| PHASE WUMBER . 0 1 2 3 0 1 ] 2 3
Devel-. 1 : o
opment | (low-cost) 4.85 | 0.65) 0.58 | 0.58 1.19 0.59 | 0.58{ 0.58
2 o |
(baseline) 26.67 | 3.58| 3.19 } 3.19 6.55 3.25 | 3.19 3.19
3
(expanded 43.64 | 5.86| 5.22 | 5.22 | 10.72 5,32 | 5.22 5,22
capsbilities) ' '
Opera- 1 14.55 | 1.95] 1.7%7| 1.74 3,57 177 L | 1.7k
tione . : _ 7
2 65.46 { 8.79] 7.83 7.83 16.08 7.98 1 7.83 7.83
3 193.93 l25.9 |23.2 | 23.2 | 7.7 23.6 ]23.2 23,2
Devel- 1 19.50 | 2.60) 2.32 | 2.3 bo76 | 2.36 | 2.32 2.32
opment : :
Flus o 92.13 [12.37]11.02 | 31.02 | 22.63 | 11.23 |11.02 | 11.02
Opera- -
tions 3 237.57 |31.76|28.42 | 28.k2 | s8.u2 | 28.92 |28.h2 | 28.L2
-NOTES: ‘
(l) For nea.l est ne:l.ghbor interpolation
(2) Excludes cost of data products (tapes, photos)
FPREPARED @Y : v;sﬁo.up NUMEBER & NAME DATE . ‘ CHANGE
G, Zetkov 493 Control Systems | 7-1-7h . |-ETTER )
. REVISIGN DATE
 APPROVED BY J. Fragola PAGE 6-35
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TARLE €-21 . PROGRAM COSTS, $M, ACS +CFE
PROGRAM  WITHOUT ACS DATA 'WITH ACS DATA
. AC CONF IGLURATION 8 CONFIGURATIO
PHASE NUMBER _ \
: 1 2 3 1 2 3
pevel opment (low-cost) . 2,751 3.34 | W54 2.69| 3.341 4.5k
| 2 ool 7.54 | o. 6.67| 7.541 9.
('ba;seline) 7 Ted 9.39 Tl 7.5 .39
3 ! .
(exp cap) 10,53 |11.08 |13.52 9.98{11.08 | 13.52
Operetiaons 1 n70 | 5.07 | 6.37 k52| 5.07| 6.37
2 12,79 {12.67 |14.56 11.98]12.67 | 14.56
3 31.k4 129.85 {32.45 129.10[29.85 | 32.45
Development 1 7.45 | 8.41 |10.91 7.21' 8.4k l10.91
Fius : _ .
Operstions _
2 19.79 | 26.20[23.95 18.65120,20 1 23.95
3 41.93 |40.93 45,98 40.0940.93 | 45.98
NOTES: (1) For nearest nelghbor interpolation only.
‘ PREPARED 'Y GROUPNUHBE' & NAME vE A_-T_C_;—AN(?E“-”_
' G. Zetkov 493 control Systems (4 Ca— LT~
REVIS'OH DATEL
APPROVED OY B ) PAGE 6-36
J. Fragola ,_L._.,.._
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E. 7 SPACECRAFT AUTONOMY/HARDWARE VS SOFTWARE L

PURPOSE
The study examines the allocatlon of system functions among the spacecraft ' i
computer, spacecraft hardware and groundbased computers in order té esﬁablish
a preferred configuretion from the polnts of view of cost, feliability,

safety and function. A mejor incentive for such a study is the rapid advances

made in the past few years in fhe versatility and reliability of space-gualified
computers, as demonstrated by the OﬁP (6n-Board Processor) of the OAO satellite,
which imply that muchlof the spacecraft computation bﬁrden mey be shifted to

the spacecraft computer,

SUMMARY

The study considers each candidate function from the point of view of bpst,
relisbility, safety =nd sultability of function. In general, any functioq'which
hae a limited number of iﬁput_parametefs and has outputs which are used in

the satellite is apﬁropriate for on~board processing. The functioﬁal benefit

of assigning these processes to the OBP results froﬁ the.limiting of the |
number of parasmeters ﬁhich requiferuplink transmissioﬁ.r The limited‘number
meakes paraneter gehérat;on in the ground softwaie simpler dnd reduces the |
number of transmission errors to be detected; rejected and fatransmittéd.

The resulting softtware package, wifh apprbximately 23000 words of memory, ls
larger than the OAO software package, but still well within the 64000 word
capability of the AOP (Advanced On-board Processor) design or‘of the other

space—quﬂlified computers coneidered for the satellite.
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CONCLUSIONS & RECCMMENDATTONS

The use of an on-board computer for a large proportion of the EOS system

functions can "off-load" the ground operations which were required for
earlier programs, with substantisal benefits in ﬁerﬂl program cost. i
On-board accounting for time and imsge location, included in the downlink \
image data stream, can simplify ground indexing -of the date ard meke the use of |

low cost ground stetions dependent only on receiving the downlinked data.

Relisbility of the spacecraft , once g committment to canputer'control is
made, is not particularly pffected by the size of the software package; any
transfer of functions to software improves system reliability if the alternate

approach has a religbility penalty.

Further studies are recommended to search out alternate software development
approaches to reduce the cost associated with the EOS software. Bagic study

aresgs are:

o Processor Verastility
o Software Support System

o Higher Order Language

Processor versatility refers to the capability of the instruction set of the com- ]
I

puter to perform the detailed tasks desired by the programmer. The software
siging of this study is based on the use of the AOP instruction set; modification
of the AOP arithmetic logic and test unit may permit significant reductions in
the mumber of instructions (and thus cost of software development ) required

Por same tasks. A typical example is the BRM (BRanch and Mark return location)

instruction, which, for compatibility with the memory protect feature, requires
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-

all subroutine linkage to be stored in a remote unprotected area. Inclusion

of a "return location register" in the processor, with "grarich to Retutn

‘Register” and "store Return Reglster" instructions would reduce the pro-

gramming‘effort for each program or subroutine by two instructions, with
corresponding savings in programing cost and in Memory requirements. As
the size of the software ﬁackdge jincreases, the‘savings'may well surpass
the additional hardwarerdevelcpment coets.

The Software Support System is the tool with which the programmer prepares
the spacecraft software. The baseline support'system_for the AQP is based
on the METAPIAN system, and operstes in a batch mode, which requires sub-

statial "load and wait" operations. Conversion of the support systems to

time share operation would permit interactive program, test, and edit functlons

at g programming station, with considerable time savings. Again, as the gize

of the software pgckége {ncresses, the savings may well surpass the system
change costs. |

Siﬁilarly, development of & compiler for the AOP to permit the use of &
higher order langusge would reduce the prograuming effort required for a
given function, with a penalty in memory required and running time. A-
major henefit would resuli if the higher order language chosen were oﬁe in

which desireable aoftware from other programs were available
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~
COS8T DATA SUMMARY
The coet of - developing the software for the EOS can be visualized in the
blocks shown below. Development of the goftware is split into two segments
on the basls of the 'end use:
'DEVELOP BASIC SOFT- DEV MISSION PECULIAR!
WARE REQUIREMENTS SOFTWARE REQ'TS :
WRITE SOFIWARE WRITE SQOFTWARE
W_EI'I‘E TEST SOFI'WARE : WRITE TEST" SOFTWARE
VALIDATE SOFTWARE | |
|
| ;N”TEST SPACECRAFT __J _____ .
' ' EDIT TO FORM FLIGHT }
o SOFTWARE PACKAGE :
STORE IN EGS -
SOFTWARE LIBRARY - : k
ALIDATE SOFTWARE i
IN FLIGHT SPACECT{AFT |
- |
! Besic Software is imtended to be epplicable to the software packages for =ll '
'EOS spacecraft, and thus will be tailored to achieve compactness and broad
campatibility. The Mission-peculiar software is intended for use with the
spacecraft for a apecific mission, and will contain the adaptations and
additions to make the Basic Software function for the specific mission.
TREPREE Y R V. Vaciilan T e e, [ cns
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The non-recurring cosis for the development of these software blocks are

_' estimated:

Basic Rlock | 12 Man-years:
Migsion~peculiar block 6 Man-years

Note thdt for mission-peculiar software, this cost is incurred for each new

- mission.

Validation of the Basic software 1s estimated to require an additional 8 man
years. This i)rocegs includes operation in s test spacecraft and the atfendant |
testing and aoftwﬁre rework. After -va.lidation, the ﬁasic software will be
avallable in the EOS li'bra.ry for use in the development of software for

gpecific migsions,

Editing the lj.braz*y' \fersion of the basic software in cambination with the
Missi'on-peculiar Boftware will generate a spacecraft software package for

the specific mission. This software link-editing is actually an internél step
in the debug and rework process which leads to validation, and is not costed
separately.

Validstion of the spacecraft software is performed in the actual flight space-

craft camputer, snd includes the required de-bug and rework of the Missiqﬁ-

pecullsr software, Th;l'a process, including the 1ink—ed1ting required to
piroduc‘e the finagl soffware package, iz estimsted to require h'ma.n-:,'rears.. Soft-
ware maintenance of the velidated software will be required to accammodate minor

changes in hardware, modifications system requirements and repair of gystem

and software bugs. This effort can be expected to continue fram the Iinstallation

o e h t F; the opergting 1ife of the satellite.
PREPARED BY - GROUP NUMBER & NAME DATE ' CHANGE

' LETTER

R. V. MacMillan 177501 Softw. Devel.

REVISION DATE

OVED BY ’ . )
APPR pace =5

_

*GaAC 3T

3-72



ERUMMAN - ESE S5 soraei e vy

TRADE STUDY REPORT

TITLE

TRADE STUDY REPORT
NO.

7

WES NUMBER

SPACECRAFT AUTONOMY/HARDWARE VS SOFTWARE 1,2.1,2.2
) . T

7.1 SPACECRAFT AUTONOMY
Spacecraft Autonomy, for the purposes of discussion is defined as the performance

by the spacecraft of system functims with no requirement for intervention by

ground support facilitlies. There are obvious limitations to autonomy: TFor esch

fungtion, elther assurance from previous flight tests or suiteble ground backup
methods should be available, at least during the early operational stages, The level
tb vhich functions are essigned to the spacecruft rather than ground facilities

must be selected with reference to the qualitics of the resulting system:

0 System coets
o System relisbility
0 OSystem ssfety

o System function

System cost as & function of autonowy can be lescribed in terms of Pixed and
recurring changes; the fixed costs of preparinz a computer proéram to perform

a specific function are perhaps twice as great for the satellite computer as
for a ground computer, primarily because of the triple constraints of real-
time operatian, memory limitations, and running time limitstions. The actﬁal
memory costs for a given function tend to be roughl;; the saﬁe since the lower
memory costs of the ground computers are offser by —he relatively large bulk

of the compiler»generated.programs. Recurring charges for operators and
machine time for ground computers however, have no couﬁterp&rt in the satellite
computer; power and installation costs are fixed once & wmputer installation is

established. AS'a'result, any function which can be eliminated from the required

ground computations results in an overall systen cost saving.
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- System Reliability as a function of autonomy depends mostly on the susceptability

Safety considerations,was far ss the EOS sutoromy is concerned, sare limited to

of the deta to transmissidn errors between the ground commend source and the

satellite commend performance. For each function which requiresqup—orAdown-iink,

the point in the functional flow path which requires the least frequent trans-
migsion of the least amoﬁnt of data is the aprropriate ground/satellite dividing

point for maximum reliability.

the possiﬁility of operations which would endanger a Shuttle crew during a
meintenance and resupply mission, or, in a differert context, opérations which
would result in complete loss of the satellite. The completely "autonomous "
faiiure_mode in which the spacecrgft seeks a,stable but non-functioning attitude
and awaits repair must not be compromised by either ground or satellite functions
if eafety considerations ere t0 be met, |

System Function is & matter of fulfilling the requirements of the‘ﬁveréll system
within the accepted tolerances. In the establisiment of a given systeﬁ design,
some accommodation in the tolefances themselves may be required to achieve the

optimum combination of system qualities.
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I Spacecraft Function Selection

F t

‘This section considers the level of autonomy sppropriate for a series of
spacecraft functions. . The functions chosen for examinatiocn are those

i . which by their nature require interaction between ground and spacecraft.

T Esch function is described in terms of overall approach, options in asutonomy
ievel and rationalization of a preferred approach. Implementation of the
chosen approach is described in section 3.2.9.3 and is the basis for the
software memory budget presented in section 3.2.9.4,

RGA Calibration Method

The RGA (Rate Gyro Assembly) contains three (or more) rate 1ntegrat1ng

T gyros which measure the attitude changes of the spacecraft. Each gyro output
ig subjeét to errors of bias and scale factor which if uncorrected would lead
- to spececraft sttitude errors after some tim: of operation. The correction
for bias and scale factor must be kept up to date.dUring mission operations

in order to keep attitude errora within tolecance.

Measurements of the attitude offsets cen be made by ground operstions in the
] followiﬁg sequence:'
1. Command (vy uplink) a suspension of star-tracker attitude correction.

This will permit gyro errors to build up in a recognizable pattern.

! o, Analyze returned image dsta for bul d-up of piteh, roll or yew offszet

~error.
] ' 3, Compute appropriate calibration change for eech gyro.
4, Command (by uplink) calibration changes.

5. Command (by uplink) resumption of star-tracker attitude compensation.
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Aboard the spacecraft, a series of operations by the OBP (On4Board Processor) can

detect and correct for gyro bias and scale error:

1. Collect star-tracker offset commands, determine long-term average
attitude correction.long-term error ik symptom of gyro biss.

2, Compute eppropriate celibration change for each gyro.

3, Change gyro calibration.

Although the fixed costs for the two methods are probably about the seme,
operating costs for the groundbased process have no counterpart in the on-bosard

process: costs for full autoncwy are less.

The system reliability of the two gyro calibration methods is approximately the
same except for the possibillties of bad commands arriving at the spacecraft

beceuse of transmission errors: the sutonomous system is slightly more reliable.

System safety 1s affected in either system if large-scale gyro corrections upset
attitude control during maintenance or resupply processes: The non-aubtonomous
system is slightly safer, since the control link may be more easily disabled

than the OFP during maintenance.

System function during the ground-based calibration 1s degraded by the turn-off
of the precision star-tracker reference and the build-up of attitude error.

The autonomous method results in comparatively smooth changes which will be
jmperceptible from the experiment point of view: the autonomous system is

functionally preferable.
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STAR-TRACKER DATA HANDLING

' The sté.r-tracker of ﬁhe EOS attitude c'ontroi‘ system providé.é the
precision reference x_-:h"ic_:h perlﬁits precise pointing o a geome.tric vertical.
Outputs of the tracker when an observable sta.r_;ls within ité field are:
o} Lock-on gignal
o Star m@énitude
o X offset of the star from the.centrx.a.l axis.
o ¥ offset of the star from the central axis
around wtilization of the star-iracker data for precision attitude
control requires: _ | _ .
1. Stable (rate gyro reference) control of spacecraft attitude
" as a background for star-tracker corrections | '
2. Downlink of star-tracker ovtputs with a.asociated ’cime tags
3, Latitude and longitude of &pacecrafb computed for the t:l.mes
of sighting
1 , 4, Compubtation of direction of star sight
5. Tdentification of sighted tar ond evalugtion of the errors
of the sighting | |
.6, Determination of pitch, ro.l end yaw components of the errors
7. Computetion of attitude correction Accmnand.s

8. ‘Command (by uplink) to add correction to jndividual axes .
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The corre
with: the
commands.

which are
to be use
sdvantage
planet &1

will omit

asmmmed t

the same

the full

system is

can be made while the attitude errors are still small. Pr

or on~-board prograims; operation of the ground

however, will require very nesrly full t

or of bad corrections arriving at the spacecra’

the spplication of corrections.

of the computed attitude misalignments to the data reduction f

gponding OBP procese requires basically the same sequence of cperations
exception of the downlink of star sighting data and the uplink of correction
The OBP has the advantege of operating in real time so that star sightings

too short can be abandoned without furthen handling, and so that corrections

4 will probably be solved differently in ground-based and on-board programs;

can be taken of the ground-based computer's size to p

ghtings for attitude reference. In the on-board programs, the star tables

reference stars in the ecliptic vicinity so as to avoid any possibility

o be avoided by shuttering the star tracker.

System costs for actual software are about equal for ground-based

cogts: costs for full sutonomy are less,
System reliability for the two star-tracker methods is approximately

except for the additional risk of bad data transmitted through the

sutoncmous system 1s more rellable.

oblems of the star tables

ermit the use of

of assoclating planet sightings with actual stars. Sun and moon sightings are

-based system at the required rates,

ime software support, with its attendant

t becguse of transmission errors:

System eafety is not affected by the star-tracker system.

The system function of the ground-based star-tracker data handling

poorer than the on-board system becsuse of the intermittent nature of

This drawback can be sccamodated by transmission

acility for

downlink
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cofrection of the returned'ima.gea. The syetem performance of the two,app_z_-daches

is equivalent if this additional cost and effort is accepted.

EPHEMERIS GENERAYTION

POSITION COMPUTATION

'I‘he funct:.ons of ephemeris genergtion and pos:.tion computation are
requlred to determ:.ne the posrtion of the spacecraft at any ms’ca.nt. The ephemeris
genera‘tian f\mction, by nmltiple sightings and orbit modelling, determnes the
elements of the orbit at some (past ) reference time, and the position ccmputatlon
function propagates these elements to determine the position at. the desired

instant. Each f‘unctioﬁ, though highly analytic, must be fine-tuned by empirical :
methods to achieve the dccuracy desired by the EOS dsign..

Emphemeris generatitm fequires as a data source many sightings

~either of the spacecreft fram known measuring stations or of surveyed landmarks

7 or beacons from the spacecraft. Slrice observetions from the spacecraft reqﬁire
either a landmark recognition instrument or a iﬁstmmen‘bed beacon network, ephemeris
generation is npt feagible for the current spacecraft px;ogram,' since these support
eiemer_zts -are‘not.avai_'i_.able. Thus ground goinputatic;"n of orbit eiements is the
preferred method, at least for the cu.rrenf. program. | |

‘Position 6f the spacecraft is required for.a number of ﬁmctions_
which are also candidates for on-bosrd operations: o |

o Star-sighting data reduction

o Experiment start and stop control

¢ Downlink and uplink data transmission control
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a multi~variable t

the measured ephemerils information,
spproximate the true posi
t:Lme from the last array update.

acceptable error determin

camputation is roughly equivalent, but the syst

partial corrections betwe

o Experiment (HRFI) and antenna pointing

o Experiment data tagging

Computation of the spa.cecra.'f‘t pos:.t:Lon requires either solution of

Either method requires initial data in the form of an array which contains

or gunset timing error.

The cost of developing software for ground-based or on-board position
for spacecraft gutonomy are less.
The relisgbility of both systems is dependent upon the feliability

System safety is not affected by the position camputation function.

System function is slightly better with on-board ccmputatinon since

is preferable.

rigonometric formula or extrapolation by ineremental mtegration
of the position vector of the ppacecraft under the influence of estimated perturbing
and produces position estimates which

+ion within an error which increases as a function of

The rate of error 'buildup end the level of

e the time interval permitted between array update s,

For the ground carr‘putg,tion- system the next array update must awalt the hext
satellite sighting and ephemeris cuirputatiﬁn;. for the on-board system, partial

array update may be mmde as a function of herizon sensor data or of orbit sunrise

em operation of the ground-based

method requires near-continuous manning with ite associated costs:

of the ephemeris data with which it is fed: the two systems are equivalent.

en array updates are possible: the autonomous system

|

the costs
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ORBIT COUNTING

Orbit counting is the process‘of identifying_the,particular-orbit

which is current, as an identifier of housekeeplng informstion and experiment data.

Tt is actually a representative of a series of minor accounting tags which permit
hendling of spacecraft data on the ground.
Ground ca@utations are handled on & batch ba.SlS. Continuity

fram the data of one ba.tch to the next mst be based on tape storage and-

pleyback. As a consequence, humen errors in the collection and loading of accounting

tags may occur.

On-board computations are performed on a real time basis. AAs‘ a
consequence, accounting tags gsuch as orbit number are handled continuously as
long as the computer remains active. B

Cost, system safety eand system functiou are not affected by the
choice between on-board and ground-based orbit-count routines. The relisbility

of the onboard f\;.nction_ ig superior since it avoids ‘t_he posaib_ility of data

losg due to human error: spacecraft autonomy is preferred.
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ANTENNA STEERING

1.

over the ground station antenna.

them with the ground antennas for satisfactury downlink gain.

The wideband antennss Por experiment data downlink require steering to allgn

cround control of wideband antenns steering will require a sequence of steps:

1. predict the time and ground path of tle next paés of the spacecreflt

prepere a sequence of spacecraft commands which will steer the antenna

during the pess and turn the transmitter on and off

transmit the command sequence to the ipa.ccraft through the command uplink

at the predicted time, the command handling routine of the OBF will issue

the commands to the antenna drives and the transmitter

operations:

The on-board process for antenna steering requires a similar sequence of

———

i

at intervals, the OBP will scan sheed along its ground track, checking for the
values of latitude and longitude tabulated for ground receiving stations. '

when an approaching ground station is found, the OBP compute and execute

commands to steer the spacecraft antennae

. when contact is made, turn on transmi‘ters

board and ground-based computation are:

o higher cost of ground-based operations

As with the ster-tracker service function, the major differences between on-

¢ possible loss of control due to uplink commahd errors
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7.3 Fﬁnétion Descriptions

expended manpower.
may regquire more involved modifications for some missions.
software will require complete‘programming effort in its preparation; for missions
however, thedbrary form of the aftware may be

o Adeptable Basic Software,
o Mission Peculiar Software

from progrem linkesges and priority schedules,
to mission, and thus can be link edited into a computer load tape with little
Adspteble basic software, while it can be used in library form,
Mission Peculiar

using common experiment packages,
used on subsequent misdions.

must be modified to be suiteble for a specific EOS mission.
requires no modification from mission

The functlong to be performed by the on-board computer of the EO0S are listed in
Table 7-1 under three genersl classifications: ‘
o Basic software,

The classifications refer to the extent to which the library version of the software |
" Basic software, aside
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TABLE 7-1 . SPACECRAFT COMPUTER FUNCTIONS
FUNCTION MEMORY (18-Bit Words)
BASIC Executive 2100
Self-Test 200
Program Change 200
Command Handling L4000
Mode Control 800
OPS Scheduling 1200
Deta Compression Lao
History 1000
Sit Assessment 300
Comp Dump 100
Stabilization 800
Position Comp 1600
Sub-8ys Service 1800
ADAFPTABLE Downlink 800
BASTC Guidance 300
Sensing 800
Pre-launch Test Looo*
Pre-Maneuver Test 600
Syst. Monitor 800
Syst. Troubleshbot 1200
MISSION Experiment 400
PECULIAR Exp Control & Masintenence 2600
' ~ Antenna Steering ' 700
Exp Data 600
TOTAL 23300
¥ Uses command handling memory area
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for difficulties caused by bad inputs or incorrect data. Note that the L4000

"area prior to launch, and will be overwritten by stored flight‘ commands at i’a.u.nch

A detailed 'breakdown of the Blze estimates for the individusl functions of
Table 7-1 1s made in Seetion 7-4, with the elements tabulated by

function rather than by library status.

The allocations of memory for the functions are made on a "bare-bones" basis; no

allowance has been ﬁ:a.de for program growth or for defensive programming to allow

words for pre-launch checkout is expected to occupy the command handling buffer

time.

7 + 4 SOFTWARE BUDGETS

The functions of the on-board software have been divided into six groups fér
estimating pﬁrposes: - |

o Computer Suppdrt Functions

o System Support thctj.ons

0 Data Handling -

o Spacecraft Operations

¢ Experiment Operations

o System Test |
Each group is &esci‘ibed in the following text, end the cha.fe_a,cteristics_of the

group members are tabulated in Table 7-2.
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TABLE = 7-2  SOFTWARE MEMORY BUDGETS
. FURCTION 18-BIT RUN TIME REP RATE
WORDS JISEC /SEC JSEC/SEC
COMPUTER SUPPORT FUNCTIONS
EXECUTIVE 2100
SELF-TEST 200 — — 5017
PROGRAM CHANGE 200
SYSTEM SUPPORT FUNCTIONS
COMMAND HANDLING Looo 200 60 12000
MODE CONTROL 800 200 2 400
OFERATION SCHEDULING 1200 120 10 1200

———y
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TABLE ~7-2 SOFTWARE MEMORY BUDGETS
FUNCTION WORDS RUN TIME REP RATE  JSEC/SEC
DATA HANDLING
DATA COMPRESSION %00 L00 1 400
HISTORY | 1000 5000 neg. —
SITUATION ASSESSMENT 300 500 .2 100.
EXPERIMENT 400 6000 L1 - 600
- DOWNLINK 800 ' 2000 neg. —
COMPUTER DUMP 100 ;"0=200000 neg. _
SPACECRAFT OPERATIONS
STABILIZATION 800 2100 10 24000
GUIDANCE 300 2400 .1 2ho -
POSITION COMPUTATION 1600 , 20500 .01 - 205
+ |PREPARED BY GROUP NU 'BER & NAME ‘loaTe CHANGE
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TAELE 7-2  SOFTWARE MEMORY BUDGETS
FUNCTION WORDS RUN TIME REP RATE JSEC/SEC
(SPACECRAFT OPERATIONS CONTINUED)
SENSING 800 6800 1 6800 |
SUB-SYSTEM SERVICE 1800 9500 1 950 |
ANTENNA STEERING 700 1200 .01 7
EXPERIMENT OPERATIONS
EXPERIMENT CONTROL
2600 2500 1 2500
EXPERIMENT MAINTENANCE
BXPERIMENT DATA 600 1500 a1 150
|
|
I
i
|
i
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TABLE 7 -2  SOFTWARE MEMORY BUDGETS
FUNCTION WORDS FUN TIME REP RATE . JSEC/SEC |
SYSTEM TEST
~ PRE-LAUNCH o (4000 ) NA A A
PRE-MANEUVER | 600 1400 neg. —
SYSTEM MONITOR . .~ 800 620C 1 620
SYSTEM TROUELESHOOT . 1200 4100 neg. —
TOTALS 23300 55189
*occupies commend handling _a.réa before launch
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Computer Support Functiocns

Theee finmetions are those which are required for the operatlon of the spacecraft

camputer. The EXECUTIVE schedules the rumnning of other functions and supplies

. gupport subroutines such as trigoncmetrie functions for the use of other programs

The memory requirement for the Executive is taken as 10 percent of the memory
required for the reméinde:- of the software package, a typicel proportion for
gingle processor real-time computers. The Executive running time will actually
consume 211 idle time of the processor, but the 10 percent proportion is used
to permit comparisons. The associated self-test andi program change routines,
though of negligible size, are necessary for ground monitoring and control

of the computer,

System Support Functions

The tasks of COMMAND HANDLING, MODE CONTROL and OFPERATION SCHE-DULING are self-
explanatory; the allocation for. Command Handling menory is rﬁade equal to a full
"page" of computer memory in order to accammodate tne maximum number of ground
commands without ha;\r:lng.to change the page register, At three words per command,
this permits storage of approximgtely 1300 commands. The command storsge ares will
be wnused before launch, permitting computer system test routines to occupy this

area during prelaunch operations.

Data Handlga

The .Data Handling functions monitor and classify spacecraft data for ground
monitoring of spacecraft operations. The DATA COMPIESSION routine provides a

set of numbers to represent each stream of measurema:nt values: maximum, minimum,
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‘mean and varlance camputed with a "Fading Filter" routine whose filter constent

is chosen for the particular data. The HISTORY buffer accumuiates time-tagged
event codes genera;ted'by other routines to present s compact but det&iled. record
of operational events since the last downlinked dats transmission. The SITUATION
ASSESSMENT routine evalustes data and classifies the status of the spacecraft for
“use by the MODE CONTROL function. EXPERIMENT is & routine allocated to examine

' ’”épa.cecra.f‘t. dats for those engineering experiments which require only the sp@e-‘
crgft sensors for a source. _'I'he DOWNLINK function formate data for telemétry
output, and initiates the clearing of the date compression and history files
aft.er each downlink transmipgsion is completed. COMPUTER DUMP places selected

portions of the camputer memory on the downlink for ground examination.

Spacecraft Operations
The STARIT.IZATION routine provides the basic attitude control of the spacecraft

using rate information from the RGA (Rate Gyro Assembly) and stabilization gains
gelected by the Mode Control Function. The GUIDANCE routine combines the error
terms generated by the sensing function, and, depending on Mode Control, issues
steering s:lgﬁa.'l.a to the stabilization routine to permit precision coﬁtrol of

spacecraft altitude.

The SENSING routines manage and extract deta from the various spacecraft sensors

to provide spacecraft a.ftitude measurements. The SUB- SYSTEM SERVICE routines
provide monitoring and operation of thermal, s-aiar array, power and other space-
eraft worker functions for speéi‘fic hardware devices. The ANTENNA 'ST‘EERING routine

Mﬁ guié.ance cammands for the steerable ant:znnaes.
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Experiment Operations

The EXPERIMENT CONTROL and EXPERIMENT MAINTENANCE routines provide start up and run
sequences for the experiments and monitor the experiment disgnostic outputs, taking
corrective steps where necessary. The EXPERIMENT DATA routine provides the same

services for the experiment data transmission systex. |

System Test
The PRE-LAUNCH TEST routines, loaded in the unprotected command buffer of the OBF,

perform prelsunch readiness tests of all equipnent which interfaces with the com-
puter. Although the buffer area is limited to LK words, a series of loads may

be used to permit as many tests as are found aspropriate. The fact that a
minimuon of externsal tel_st equipment is required makes launch operations less
complex. After cunplétion of the tests, the buffer becames available for normal
command storage. The PRE-MANEUVER TEST verifies the proper status of all sub-
systems prior to orbit maneuvers, permitting ground evaluation of the status
through examinstions of the reply to a single command. The SYSTEM MONITOR provides
continuous testing of spacecraft subsystems during otherwise idle time of the OBP.
The systems tested are those which may be evaliated without disturbing the current
tagks of the spacecraft. The SYSTEM TROUBLESHIOT function prmr.ides further test
of the more critical subsystems when troubles are indicgted either by the System
Monitor or by ground examination of returned dita. Each test is performed while
a workaround routine takes over for the equipment being tested. 1In case of true

fallures, some of these workarounds may be utilized for continued mission operations,

PREPARED BY GROUP NUN3ER & | AME DATE CHANGE
R. V. MecMilian 501 Soitware Dev LETTER
REVISION DATE
APPROVED BY
paGE Tw26

*GAC 3713

3-72




" SYSTEM TRADE

. .STUDYNO-8




R R A O T

GRUMMAN . . ,

" TRADE STUDY REPORT

TITLE

ELECTRONIC TECHNOIOGY

TRADE STUDY REPORT

NO,
8

WBS NUMBER

See Report No. 3, Section 6.8

PREPARED BY

GROUF NUMBE I & NAME

DATE

CHANGE
LETTER

REVIStON DATE

APPROVED BY

paGE Sl

R*Gac 3711
h T



